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Preface

In an era where climate change, natural catastrophes and land degradation are major issues, the conservation of soil
and vegetation in mountainous or sloping regions has become an international priority. How to avoid substrate mass
movement through landslides and erosion using sustainable and ecologically sound techniques is rapidly becoming a
scientific domain where knowledge from many different fields is required. These proceedings bring together papers
from geotechnical and civil engineers, biologists, ecologists and foresters, who discuss current problems in slope
stability research, and how to address those problems using ground bio- and eco-engineering techniques. A selection
of papers were previously published in Special Editions of Plant and Soil (2005), volume 278, 1-179, and in the
Journal of Geotechnical and Geological Engineering (2006), volume 24, 427-498.

Ground bioengineering methods integrate civil engineering techniques with natural materials to obtain fast,
effective and economic methods of protecting, restoring and maintaining the environment whereas eco-engineering
has been defined as a long-term ecological strategy to manage a site with regard to natural or man-made hazards.
Studies on slope instability, erosion, soil hydrology, mountain ecology, land use and restoration and how to mitigate
these problems using vegetation are presented by both scientists and practitioners. Papers encompass many aspects of
this multidisciplinary subject, including the mechanisms and modelling of root reinforcement and the development
of decision support systems, areas where significant advances have been made in recent years.

Alexia Stokes
Ioannis Spanos
Joanne Norris
Erik Cammeraat

X



Mechanisms and modelling of root reinforcement on slopes



The influence of cellulose content on tensile strength in tree roots

Marie Genet!®, Alexia Stokes!, Franck Salin?, Slobodan B. Mickovski'-3, Thierry Fourcaud'#,
Jean-Francois Dumail® & Rens van Beek®’

! Laboratoire de Rhéologie du Bois de Bordeaux, (Mixed Unit: INRA/CNRS/Université Bordeaux I) Domaine de
I’Hermitage, 69, rte d’Arcachon, 33612, Cestas Cedex, France. >INRA, Equipe de Génétique et Amélioration des
Arbres Forestiers, UMR BIOGECO, 69, rte d’Arcachon, 33612, Cestas Cedex, France. > Civil Engineering Division,
School of Engineering and Physical Sciences, University of Dundee, DD1 4HR, Dundee, UK. *AMAP-CIRAD AMIS,
TA 40/PS2 Cedex 5, 34398, Montpellier, France. SXYLOMECA, 41, rue Michel de Montaigne, 24700, Moulin Neuf,
France. ®Institute for Biodiversity and Ecosystem Dynamics — Physical Geography, University of Amsterdam,
Nieuwe Achtergracht 166, NL 1018 WV, Amsterdam, The Netherlands. " Department of Physical Geography, Utrecht
University Heidelberglaan, 110, PO. BOX 80.115, NL-3508, TC, Utrecht, The Netherlands. ® Corresponding author*

Keywords: biomechanics, Castanea sativa Mill., Pinus pinaster Ait., root reinforcement, slope stability, soil fixation

Abstract

Root tensile strength is an important factor to consider when choosing suitable species for reinforcing soil on
unstable slopes. Tensile strength has been found to increase with decreasing root diameter, however, it is not known
how this phenomenon occurs. We carried out tensile tests on roots 0.2—12.0 mm in diameter of three conifer and
two broadleaf species, in order to determine the relationship between tensile strength and diameter. Two species,
Pinus pinaster Ait. and Castanea sativa Mill., were then chosen for a quantitative analysis of root cellulose content.
Cellulose is responsible for tensile strength in wood due to its microfibrillar structure. Results showed that in all
species, a significant power relationship existed between tensile strength and root diameter, with a sharp increase of
tensile strength in roots with a diameter <0.9 mm. In roots > 1.0 mm, Fagus sylvatica L. was the most resistant to
failure, followed by Picea abies L. and C. sativa., P pinaster and Pinus nigra Arnold roots were the least resistant
in tension for the same diameter class. Extremely high values of strength (132-201 MPa) were found in P, abies, C.
sativa and P, pinaster, for the smallest roots (0.4 mm in diameter). The power relationship between tensile strength
and root diameter cannot only be explained by a scaling effect typical of that found in fracture mechanics. Therefore,
this relationship could be due to changes in cellulose content as the percentage of cellulose was also observed to
increase with decreasing root diameter and increasing tensile strength in both P, pinaster and C. sativa.

Introduction that their root systems convey to slopes subject to ero-

sion or slippage problems (Schmidt et al., 2001; Wu,

The use of vegetation by civil engineers when dealing
with unstable slopes has become increasingly popular
over the last 20 years (Bischetti et al., 2005; Coppin
and Richards, 1990; Gray and Sotir, 1996; Greenway,
1987; Norris, 2005; Roering et al., 2003; Schiechtl,
1980). In particular, trees and woody shrubs have been
studied with regards to the soil reinforcing properties

* E-mail: genet@lrbb3.pierroton.inra.fr, stokes@liama.ia.ac.cn

2007). If the root system characteristics, which govern
soil stabilisation, could be better identified, screening
of suitable species for use on unstable slopes would be
more efficient.

Vegetation has been recognised as a factor useful
for increasing the shear resistance of soil on an un-
stable slope (Anderson and Richards, 1987; Coppin
and Richards, 1990; Operstein and Frydman, 2000).
The major factors which influence the shear resistance
of root-permeated soil are the quantity and directional

This article has been previously published in the following journal—Plant and Soil, Volume 278, 1-9.
Stokes et al. (eds), Eco- and Ground Bio-Engineering: The Use of Vegetation to Improve Slope Stability, 3—11. 3

© 2007. Springer.



distribution of roots as well as their tensile strength,
soil shear strength and soil-root interaction. Strength
is the maximum force per unit area required to cause
a material to break (Niklas, 1992). Tensile strength is
considered one of the most important factors governing
soil stabilisation and fixation, and has therefore been
studied in great detail (Burroughs and Thomas, 1977;
Hathaway and Penny, 1975; Nilaweera and Nutalaya,
1999; Operstein and Frydman, 2000; Phillips and Wat-
son, 1994; Schiechtl, 1980). Not only is root tensile
strength important when considering soil reinforce-
ment, but can also affect plant anchorage. In herba-
ceous species, plants must withstand grazing pressure,
whereby uprooting occurs in tension, therefore a higher
root tensile strength will enable the plant to remain an-
chored in the soil (Ennos and Fitter, 1992). In trees,
most anchorage is provided by the large structural roots
(Stokes, 2002); however, the roots held in tension pro-
vide around 60% of the resistance to overturning during
a storm (Coutts, 1983). Therefore, a greater root tensile
strength will also be beneficial for tree anchorage.
Wide variations in root tensile strength have been re-
ported in the literature, and appear to depend on species
and site factors such as the local environment, season,
root diameter and orientation (Gray and Sotir, 1996).
Root resistance to failure in tension can be influenced
by the mode of planting e.g. naturally regenerated Scots
pine (Pinus sylvestris L.) had stronger roots than those
of planted pines (Lindstrém and Rune, 1999). The time
of year has also been found to affect tensile strength,
roots being stronger in winter than in summer, due
to the decrease in water content (Turmanina, 1965).
Tensile strength usually decreases with increasing root
size (Burroughs and Thomas, 1977; O’Loughlin and

Watson, 1979; Operstein and Frydman, 2000; Turman-
ina, 1965; Wu, 1976) and this phenomenon has been
attributed to differences in root structure, with smaller
roots possessing more cellulose per dry mass than
larger roots (Commandeur and Pyles, 1991; Hathaway
and Penny, 1975; Turmanina, 1965).

The structure of cellulose has been found to be opti-
mal for resisting failure in tension (Sjostrom, 1993).
Cellulose is made up of polymer chains consisting
of glucose units which are linked together by highly
resistant hydrogen bonds (Delmer and Amor, 1995).
These cellulose chains are then grouped together in a
hemicellulose matrix and the entire structure is termed
a microfibril. Each layer of the wood cell wall is
made up of many microfibrils arranged in a helical
structure.

In order to determine the relationship between tensile
strength for a range of species and root size, mechanical
tests were carried out on small roots from three conifer
and two broadleaf species. To relate the root strength
to the cellulose content, two species were then chosen
for subsequent dosing of percentage cellulose in those
roots tested mechanically. Results are discussed with
regards to the structure of cellulose.

Materials and methods

Plant material

Roots with a diameter between 0.2 and 12.0 mm were
collected from five tree species (Table 1). Trees were

situated throughout different parts of France (Table 1).
Roots of Maritime pine, Austrian pine and Sweet

Table 1. Location of the different species used in the tensile tests and parameters of the trees and the roots tested

Species common name Location where Number Min.—Max. Min.—Max. Total number Number of roots
and Latin name collected in France of trees Height (m) DBH (m) of roots sampled successfully tested
Austrian pine Gironde 2 15.3-17.6 0.3-0.49 85 30

(Pinus nigra Arnold)

Maritime pine Gironde 2 33.0-36.2 0.28-0.4 81 34

(Pinus pinaster Ait.)

Norway spruce Isere 3 10.7-14.6 0.19-0.26 91 27

(Picea abies L.)

European Beech Isere 2 15.7-17.8 0.18-0.27 35 11

(Fagus sylvatica L.)

Sweet chestnut Gironde 2 NA NA 202 53

(Castanea sativa Mill.)

NA—not available as trees were coppiced.
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chestnut were collected from a sandy podzol soil in
Gironde, located in SW France (Cucchi et al., 2004).
Trees were growing at an altitude of 58 m in a flat
region, where mean annual precipitation is 990 mm.
Norway spruce and Sweet chestnut roots were sam-
pled in the Forét domaniale de Vaujany, Isére, in the
French Alps. This forest, which is located at an altitude
of 1350-1600 m, has a slope gradient of 38—42°. The
soil is a crystalline soil and mean annual precipitation
is 1353 mm (Stokes et al., 2005). Species were cho-
sen in such a way as to cover a broad range of roots
to test from both conifer and broadleaf trees. Roots
were collected from two or three trees for each species
(Table 1).

Live roots were manually excavated to a depth of
about 0.6—0.7 m below the soil surface. Care was taken
to avoid any damage to roots during the excavation pro-
cess. Samples were collected randomly from the root
system in order to have representative samples of dif-
ferent types of roots. Once the roots had been removed
from the tree, they were put into separate bags and
taken to the laboratory where they were stored at 4 °C.
Mechanical testing was carried out as soon as possible,
always within 1 week from sampling, to ensure that
root material was still fresh.

Root tensile tests

Tensile testing was carried out on 494 root samples, us-
ing a Universal Testing machine (ADAMEL Lhomargy,
France). The length of each sample was at least 15 times
its central diameter. A load cell with a maximal capac-
ity of 1.0 kN was used to measure the force required to
cause failure in tension of each root. Crosshead speed
was kept constant at 2.0 mm min~! and both force
and speed were measured constantly via a PC during
each test. In order to avoid slippage of roots out of the
clamps (Nilaweera and Nutalaya, 1999), thin slices of
cork were inserted between the jaws and the root. The
cork helped to improve the grip between the jaws and
the root. Tests were considered successful only when
specimens failed approximately in the middle of the
root so that root rupture was due to the force applied in
tension and not due to any existing damage (Table 1).

Tensile strength was calculated as the maximal force
required to cause failure in the root, divided by the
root cross-sectional area at the point of breakage. The
diameter of each root was measured with an electronic
slide gauge with 1/50 mm accuracy.

Cellulose content

Two contrasting species were chosen for consequent
measurements of cellulose content: Maritime pine and
Sweet chestnut. The method used to measure total cel-
lulose content was based on that developed by Leavitt
and Danzer (1993) and consisted of removing as many
non-cellulosic compounds as possible from the root
material. Initially, bark was removed from each root
using a scalpel. The roots were then dried at 60 °C
for 24 h and weighed using a balance with a precision
>(0.001 mg. Each root was then ground into a fine pow-
der with a vibration mill (Retsch MM 300). This pow-
der was poured into a Teflon sachet (no. 11803, pore
size 1.2 um), and each bag was carefully marked with
the identification code of the corresponding root. Teflon
sachets were used because they have a good compati-
bility with strong acids and solvents and are resistant
to heat with inflammable temperatures around 200 °C
(Lambrot and Porté, 2000).

The first compounds removed from the ground root
tissue were lipids (waxes, oils and resins). Each sam-
ple was placed into a soxhlet extractor (50-mm i.d.,
200-mL capacity to siphon top) equipped with a flask
containing a 700-mL mixture of toluene 99%-—ethanol
96% (2—1; v/v) heated until boiling point. After 24 h of
extraction using this method, the toluene ethanol was
replaced with 700 mL of ethanol heated to the same
temperature. After 24 h, the samples were removed
from the soxhlet and immersed in distilled water heated
to 100 °C for 6 h. This process removes hydrosoluble
molecules from the sample.

The final step consisted of eliminating lignin com-
pounds from the samples. Each sample was placed in
a beaker containing 700 mL of distilled water, 7.0 g of
sodium chlorite (NaClO2), and 1.0 mL of acetic acid
(C,H40;). The samples and solution was shaken us-
ing a magnetic agitater and heated to 60—70 °C during
12 h. This procedure was repeated three times, with the
solution concentrated by 100% each time. The samples
were then removed and rinsed in distilled water, dried
at ambient temperature during 12 h and weighed. The
percentage of cellulose was evaluated by calculating
the relative difference in the initial and final weight of
each sample.

Statistical analyses

Linear and power regressions were carried out ini-
tially to evaluate the correlation between the different

5



variables. A Kolmogorov—Smirnov test was used to test
the normality of the data before proceeding with anal-
yses of variance. Data were log-transformed, before
analysis, to reflect the power relationship in linear re-
gressions. To evaluate the influence of species, diame-
ter of roots and cellulose content on tensile strength of
roots, analysis of covariance (ANCOVA) and analysis
of'variance (ANOVA) were used. ANCOVA was used to
detect differences in cellulose content of roots between
species with regards to root diameter. In order to eval-
uate the influence of species on tensile strength only,
roots were then classed into two groups according to di-
ameter (<0.9 mm and >1.0 mm) and a Student’s #-test
was carried out to detect differences in tensile strength
between the two groups. These data were then analysed
with ANOVA and pair wise Tukey’s Studentized Range
(HSD) test in order to determine differences between
species. Data were analysed with Minitab version 13
or XLstat-Pro version 7.5 software.

Results
Root tensile tests

Only 33% of the tensile tests were successful (Table 1).
Failure often occurred near the jaws, or roots slipped
out of the clamps. Mean root tensile strength was sig-
nificantly different between species (Fj4 152 = 15.16,
p < 0.001, ANCOVA) with regards to root diame-
ter (Fy,155 = 113.01, p < 0.001, ANCOVA). Mean

2004 ¢
150 %
[m]

00f g °

Tensile strength (MPa)

Table 2. Parameters of the root tensile strength and diameter power
law regressions for each tree species tested

Species Regression Equation R? p

Austrian pine y = 18.40x 02 0.23 0.010
Maritime pine y = 23.40x0% 0.51 <0.001
Norway spruce y =37.86x031 0.43 0.005
European Beech y = 63.51x7061 0.56 0.006
Sweet chestnut y =31.92x"07 0.51 <0.001

root strength was 28.4 + 2.0 MPa when all species
and diameters were considered together (means are £+
standard error). A power regression between tensile
strength and diameter was significant for all species
(Table 2, Figure 1). Tensile strength was also signif-
icantly different between root size classes (¢ = 5.49,
p < 0.001). For roots <0.9 mm, mean tensile strength
for each species was greater than for roots >1.0 mm
but variability was high (Figure 1). However, when
root size classes were analysed individually, no signif-
icant differences were found between species for roots
<0.9 mm (ANOVA). Nevertheless, extremely high val-
ues of strength (132-201 MPa) were found in Norway
spruce, Maritime pine and Sweet chestnut, for this size
class of roots (Figure 1). For roots >1.0 mm, the ten-
sile strength of roots was significantly different be-
tween species (F' = 10.17, p < 0.001, ANOVA/HSD).
Within this root size class, European beech was found
to be the most resistant to failure in tension, followed by
Norway spruce and Sweetchestnut. Maritime pine and
Austrian pine roots were the least resistant in tension
for the same diameter class.

B Fagus sylvatica
O Pinus pinaster
& Castanea sativa
= Pinus nigra

& Picea abies

Diameter (mm)

Figure 1. Tensile strength increased significantly with decreasing diameter when roots of Sweet chestnut, European beech, Maritime pine,
Austrian pine and Norway spruce were considered together (y = 28.97x %32, R? = 0.30, p < 0.001).
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Figure 2. Tensile strength (white squares, Table 2) and cellulose content (black squares, y = —9.44x + 77.59, R? = 0.43, p < 0.001) decreased

significantly with increasing root diameter in roots of Sweet chestnut.

Cellulose content

Maritime pine and Sweet chestnut roots were cho-
sen for subsequent dosing of cellulose content, as
a higher number of samples were available across
the entire diameter range. The mean cellulose con-
tent was 60.0 £ 2.2% in Sweet chestnut roots and
69.9 + 2.3% in Maritime pine roots. Cellulose
content of roots was significantly different accord-
ing to diameter (£ ¢s = 49.8, p < 0.001, ANCOVA)

70 -
60 -
50 -
40 -
30

20 4

Tensile strength (MPa)

10 4

0 : : :

but was not different between the two species
(F1.6s =032, p =0.58, ANCOVA). As with ten-
sile strength, a significant linear relationship ex-
isted between cellulose content and root diameter for
both Sweet chestnut (Figure 2) and Maritime pine
(y = —13.49 4+ 81.87, R?> = 0.34, p < 0.001). Root
tensile strength was also significantly related to cel-
lulose content; however, variability was high in both
Sweet chestnut (Figure 3) and Maritime pine (y =
0.95x —24.48, R? = 0.17, p = 0.026).
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Figure 3. Tensile strength was significantly and positively related to percentage cellulose in roots of Sweet chestnut (y = 0.56x — 9.45, R? =

0.34, p < 0.001).



Discussion

Results from the tensile testing of roots were compara-
ble to those of other authors on woody species, in that
a power equation existed between diameter and ten-
sile strength (Burroughs and Thomas, 1977; Gray and
Sotir, 1996; Nilaweera and Nutalaya, 1999; O’Loughlin
and Watson, 1979; Operstein and Frydman, 2000;
Turmanina, 1965; Wu, 1976). The smallest roots were
the most resistant in tension, and strength increased
sharply with a decrease in root diameter <0.9 mm.
Tensile strength differed between the species tested,
for roots >1.0 mm, with beech being the most resis-
tant, followed by Norway spruce, Sweet chestnut, Mar-
itime and Austrian pine. Values for roots >1.0 mm are
similar to those reported in previous studies for Mar-
itime pine and Norway spruce (Bischetti et al., 2005;
Turmanina, 1965). For roots <0.9 mm, no significant
differences in tensile strength between species were
observed, probably due to the low number of samples
available. A comparison with other studies is not possi-
ble since, to our knowledge, no other studies exist con-
cerning the tensile strength of such small roots for any
of the species tested. The strength values of 132-201
MPa observed in Norway spruce, Maritime pine and
Sweet chestnut were surprising, as such high values
have rarely been documented in the literature. These
results may be due to the fact that such small tree roots
are rarely tested. To our knowledge, only Operstein and
Frydman (2000) and Bischetti et al. (2005) have car-
ried out tensile tests on small diameter roots. In the
species tested by Operstein and Friedman (2000), only
woody shrubs were measured and values were always
lower than 80 MPa. However, Bischetti et al. (2005)
also found extremely high values in roots 0.2—0.5 mm
in diameter. These authors observed tensile strength
values up to 750 MPa in several tree species, including
beech and Norway spruce located in the Prealps. There-
fore, strength values tend to lie within the range typical
of that usually reported for tree roots (Schiechtl, 1980;
Stokes, 2002; Ziemer, 1981) with the only exceptions
being for very small diameter roots. It would be of ex-
treme interest to carry out more testing of such small
diameter roots, and to determine why tensile strength
values may be so high in certain roots.

Not only is root tensile strength an important pa-
rameter to consider when determining the influence of
vegetation on slope reinforcement (Greenwood et al.,
2001), but is also an important factor with regards to

tree anchorage (Coutts, 1983). It would therefore be
interesting to relate root tensile strength to tree re-
sistance to overturning. Winching tests were carried
out on Norway spruce and European beech by Stokes
et al. (2005) on the same trees where root samples were
collected for our study. Trees were winched sideways
and the force necessary to cause failure was measured.
The critical turning moment TM,;; was then calculated
(Cucchi et al., 2004). Results showed that European
beech was significantly more resistant to overturning
than Norway spruce. As the tensile strength of beech
roots >1.0 mm was higher than that of Norway spruce
roots, it may be assumed that this mechanical property
plays an important role in tree resistance to overturn-
ing. It would be of extreme interest to study in detail
the correlation between TM,,;; and root tensile strength
in order to evaluate the importance of this parameter
on tree anchorage.

A power relationship, o, ~ d~¢, with « > 0.5, ex-
isted between root tensile strength o, and diameter d.
This type of relation is well known in fracture mechan-
ics as a size effect between small and large samples
(Bazant and Kazemi, 1990). The size effect is tran-
sitional between two asymptotic behaviors. There is
no size effect for small dimensions of structures. For
bigger dimensions a power relationship exists between
the nominal strength o, and a characteristic dimension
of the structure, e.g. the root diameter d, o, ~ d—*¢
which is the size effect exhibited by Linear Elastic Frac-
ture Mechanics (Bazant and Kazemi, 1990). There-
fore the exponent term « cannot be greater than 0.5.
However, our results show that this exponent exceeded
systematically this maximum theoretical value. This
was also the case in previous studies on root tensile
strength (Bischetti et al., 2005; Gray and Sotir, 1996;
Operstein and Frydman, 2000). These differences be-
tween theoretical and experimental equations could be
due to experimental error, but the estimated exponent
value always overestimated the maximum theoretical
exponent value. Another possible explanation for our
results is that the wood material is different accord-
ing to root size. This assumption was confirmed by
the observed change in cellulose content between the
samples.

The quantity of cellulose was found to differ sig-
nificantly between roots of different sizes as well as
between Sweet chestnut and Maritime pine. When
both species were considered together, the mean cel-
lulose content of roots was 65%. The mean percentage



cellulose in roots was therefore in the same range as
other values found in the literature, e.g. Hathaway and
Penny (1975) found that mean cellulose percentage in
roots of six Populus and Salix species was 72%. Cellu-
lose quantity and tensile strength of roots were signifi-
cantly correlated but variability was high. In our study,
cellulose content was measured using the method de-
veloped by Leavitt and Danzer (1993). In this method,
hemicelluloses, which are polysaccharides linked to
the cellulose present in the cell walls, were not sep-
arated from the crystalline cellulose. The quantity ob-
tained at the end of the experiment represents there-
fore both cellulose and hemicelluloses. The amount
of hemicelluloses of the dry weight of wood is usu-
ally around 20%. Hathaway and Penny (1975) sepa-
rated hemicelluloses and crystalline cellulose. These
authors found that hemicelluloses represent 17% of
the dry weight of wood in roots studied. However,
the hemicellulose content and composition differs be-
tween species (Sjostrom, 1993). The changes in these
proportions may therefore be able to explain the high
variability observed in our results. A further experi-
ment whereby only crystalline cellulose was measured
would help determine the influence of cellulose con-
tent on wood tensile strength (Akerholm et al., 2004;
Andersson et al., 2003). Other chemical and anatom-
ical parameters, which can influence tensile strength
of roots, should explain the high variability observed.
Lignin can also affect strength properties, especially at
high moisture contents (Hathaway and Penny, 1975).
The microfibril angle in root wood may also influence
mechanical properties (Kerstens et al., 2001). When
these microfibrils are aligned at an angle almost parallel
to the cell axis, as in young wood, the combined effect
of these cellulose chains is a high resistance in tension,
but a low bending strength (Archer, 1986; Sjostrom,
1993). Thus, future work should concentrate on the in-
fluence of microfibril angle and lignin/cellulose ratio
on tensile strength of roots.

Although cellulose content and tensile strength in-
creases with decreasing root diameter, no measure-
ments of annual growth rings were made in the roots
studied, therefore the age of each root remains un-
known. It can be imagined that cellulose content is
higher in young roots, which are more resistant in ten-
sion, but this assumption should be verified through
measurements of root age.

Differences in cellulose content have been pro-
posed as the major determinant governing root tensile

strength (Commandeur and Pyles, 1991; Turmanina,
1965). Nevertheless, the shape and size of a root sys-
tem is influenced by its immediate environment as well
being inherent to a particular species (Kostler et al.,
1968). For example, trees growing on slopes may de-
velop a specific type of root system architecture, as the
mechanical function of the uphill portion of the root
system is different to that downhill (Chiatante et al.,
2003; Kostler et al., 1968; Shrestha et al., 2000). Root
system morphology can also be modified by soil type.
Nutrient supply, fertility and soil acidity all influence
root growth (Fitter and Stickland, 1991; Gersani and
Sachs, 1992; Gruber, 1994). Soil physical properties
such as soil bulk density and strength are also important
factors affecting both shoot and root growth (Campbell
and Hawkins, 2003; Goodman and Ennos, 1999). In our
study, samples were collected from two different habi-
tats. As root morphology is affected by local environ-
ment and since root chemical composition also varies
with root morphology, it may be possible that the lo-
cal environment also influenced root cellulose content.
More studies on the differences in root tensile strength
of species from the same site are therefore necessary. It
would also be of interest to compare the tensile strength
of roots from trees growing on different types of slope
or in different soil conditions, as well as testing cellu-
lose content and tensile strength in roots around a tree,
and to compare up- and down-hill roots growing on a
slope (Schiechtl, 1980). Not only can cellulose content
be assumed to differ between roots in a root system,
but the role of this chemical compound in the overall
anchorage of a root system needs to be determined,
especially in young trees or woody shrubs. It has gen-
erally been assumed that root architecture is the princi-
pal component in resisting uprooting of a plant (Ennos,
2000; Dupuy et al., 2005a,b; Hamza et al., 2006; Stokes
et al., 2000). However, a highly branched root system
will probably not have the same percentage cellulose as
aroot system with fewer but thicker branches. The role
each parameter plays in resisting uprooting therefore
needs to be investigated.
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Abstract

The mechanical behaviour of individual roots and their interaction with soil controls plant anchorage and slope
stabilisation, and this is controlled by plant genotype. Tensile tests were performed on roots of tobacco (Nicotiana
tabacum ‘Samsun’) plants with lignin biosynthesis pathways affected by down-regulating cinnamyl-alcohol dehy-
drogenase (CAD) enzyme production. Altering this pathway resulted in root stiffness <50% of the unmodified
control, although failure stress was not different. Like most biological tissues, the roots had non-linear mechanical
behaviour, were irregular in shape, and heterogeneous. Particle image velocimetry (PIV), applied for the first time
to the tensile testing of materials, identified the localised strain fields that developed in roots under tension. PIV
uses a cross correlation technique to measure localised displacements on the surface of the root between sequential
digital images taken at successive strain intervals during tensile loading. Further analysis of root sections showed
that non-linear mechanical behaviour is affected by cellular rupture, with a clear step-wise rupture from cortex to
stele in some younger roots. This will affect slip planes that develop under pull-out at the root—soil interface. By
assessing localised axial and radial strain along a root section with PIV, we have been able to determine the true
stress that controls ultimate failure and the true stress—strain behaviour along the root length. The techniques used
have clear potential to enhance our understanding of mechanical interactions at the root—soil interface.

Abbreviations: CAD, cinnamyl-alcohol dehydrogenase; PIV, particle image velocimetry

Introduction that control their effectiveness in either anchorage or

soil stabilisation are the architecture of the root system

Plant root systems have evolved into complex engi-
neered structures capable of mechanically supporting a
large shoot mass above ground by forming a biological
anchor in soil (Niklas, 1998). The anchorage of plants
is essential to understand for preventing windthrow
of trees (Crook and Ennos, 1998) and reducing crop
lodging in agriculture (Goodman et al., 2001). Soil
stabilisation by roots has implications for the physi-
cal stability of agricultural soils (Czarnes et al., 2000),
riverbank erosion, and reducing landslide risk on slopes
(Sidle and Wu, 1999). The major properties of roots

* E-mail: p.hallett@scri.sari.ac.uk

(Stokes et al., 1996) and the biomechanics of the root
tissue (Watson et al., 1999).

Root biomechanical behaviour is strongly influenced
by environmental conditions and the tissue cellular
structure. Niklas (1998) demonstrated that the me-
chanical stimulation of shoots, similar to the types of
stresses induced by wind gusts or foraging, caused the
biomass allocation to roots, root tensile strength and
root stiffness to increase. This adaptive response allows
plants to function in a wider range of environments,
with more resilient species having the greatest compet-
itive advantage (Wahl and Ryser, 2000). Considerable
differences in root biomechanical behaviour have been
found between species in a range of studies (Crook and

Stokes et al. (eds), Eco- and Ground Bio-Engineering: The Use of Vegetation to Improve Slope Stability, 13-20.
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Ennos, 1994; Easson et al., 1995; Ennos, 1991; Ennos
etal., 1993a,b). Crop cultivars also show differences in
root biomechanical behaviour, which probably leads to
differences in lodging resistance (Berry et al., 2003).
Little work, however, has attempted to relate species or
cultivar differences in root biomechanical behaviour to
the structure of the tissue.

Modern genetic approaches can be used to change
tissue structure by altering biosynthesis pathways.
Hepworth and Vincent (1998) found that the genetic
modification of lignin biosynthesis pathways in to-
bacco could reduce the tensile modulus of xylem tissue
by one third. This provides an ideal model system for a
more in-depth understanding of plant tissue effects on
biomechanics, but it is not known if these effects would
also be found in root tissue. In addition to the great
value that these plants could have as a tool to improve
our fundamental understanding of root biomechanics,
unexpected side effects of plant modification in agri-
cultural crops may also alter root biomechanics. Saxena
and Stotzky (2001) reported higher lignin levels in Bt-
maize, which is modified to express a natural insecti-
cide. This could potentially affect lodging resistance
and hence crop yields, although it is not known if the
differences in lignin would affect root biomechanics,
or would be expressed under field conditions.

The study of root biomechanics is complicated by
the heterogeneous structure and mechanical behaviour
of roots (Niklas, 1999) and soil (Bridle and Davies,
1997). As roots taper along their length, branch, bend
and have defects caused by the soil environment (e.g.,
indentations due to stones; McCully, 1999), the stress
distribution is highly spatially dependent. Many studies
on root biomechanics take the diameter of the root at
the point of rupture to evaluate an engineering stress
(Easson et al., 1995), which provides a good esti-
mate but does not determine the true stress distribu-
tion before ultimate failure occurs as the radial strain
is unknown. Tensile tests of root biomechanics typi-
cally measure a highly nonlinear mechanical response
(Ekanayake and Phillips, 1999), but the impact of radial
strain verses elastic-plastic behaviour on the shape of
the stress—strain relationship is impossible to discern.
Many pioneering modelling studies of root biomechan-
ics and anchorage have understandably simplified the
problem by using linear elastic assumptions and simple
root structures (e.g., Ennos et al., 1993a; Niklas, 1999;
Stokes et al., 1996).

This paper presents data from tensile tests on in-
dividual plant roots with an aim to present new ap-
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proaches that could advance our understanding of root
biomechanics. In the first study we tested tobacco
plants (Nicotiana tabacum ‘Samsun’) with modified
lignin biosynthesis pathways to examine how ge-
netics and cellular structure influenced root biome-
chanics. Altered lignin biosynthesis was hypothesised
to lower the stiffness and failure stress. These tests
were confounded by localised strain fields caused by
the irregular shape of roots. An imaging approach
was subsequently adapted from geotechnical engi-
neering to quantify strain locally from the move-
ment of pixels in successive digital images taken
during mechanical testing. The development of this
methodology and its implications for root mechani-
cal testing will be discussed. Finally, future research
opportunities using model plant systems and the novel
testing procedures presented in this paper will be
suggested.

Materials and methods
Root mechanical testing

A mechanical test frame was used to evaluate the
mechanics of individual plant roots under tension
(Model 5544, INSTRON, 100 Royall St., Canton, MA
02021-1089, USA). The cross-head displacement and
force transmitted to the load cell were recorded using
INSTRON Merlin software. The cross-head displace-
ment rate was set to 0.05 mm s~!, with displacement
accurate to 1 um. The load cells were accurate to 1%
at 1/250 maximum load and had a range of 5, 50 N or
2 kN depending on the strength of the root tested.

Gripping the plant roots in the test frame was prob-
lematic, with slippage and surface damage potentially
affecting mechanical behaviour. This was minimised
by using a screw-thread clamp with rubber-faced grips
to secure the older portion of the root at one end.
High strength, low modulus roots such as young maize
could also be clamped with the same type of grip at
the younger end of the root. More mature roots were
wrapped around a spindle at the younger end and af-
fixed with rubber tape. A microscope fitted with a
graticule was used to measure the diameter of the root
where it failed. Other gripping approaches were evalu-
ated including the use of super glue, medical adhesives
and fast-setting araldite. These either failed to grip the
root adequately or damaged the root tissue by desicca-
tion and heat stresses.



Lignin-modified tobacco roots

Plants that differ in lignin structure and composition
were produced by suppressing specific genes in tobacco
(Nicotiana tabacum L. cv. Samsun; Halpin et al., 1994).
Earlier research by Hepworth and Vincent (1998) sug-
gested that altered lignin crosslink density changed the
mechanical behaviour of shoot material. The plants
used in the current study provided a model system to
quantify the influence of genetics and cellular structure
on biomechanical behaviour. Several lines were tested,
although here we only report the findings of the unmod-
ified wildtype, WT line and a modified line, cinnamyl-
alcohol dehydrogenase (CAD), which has altered lignin
structure but displays a normal phenotype including
similar sized lateral roots and only slight alterations
to the shape of vessels (Chabannes et al., 2001). CAD
plants have been modified to down-regulate CAD, an
enzyme important to lignin biosynthesis. The plants
were grown in a glasshouse under natural light in 400-
mm diameter x 400-mm depth pots filled with pot-
ting compost. Six plants of each line were grown. The
shoots were supported with canes to reduce mechani-
cal stresses on the root system. However, several plants
were rejected because the bending of the shoot may
have caused lateral loading. At 10 weeks the plants
reached flowering stage and roots were harvested by
washing away the potting compost. The largest adven-
titious roots that emerged at the highest point on the
main root were selected for mechanical testing using a
grip and spindle, described previously, to hold the root.
There were two roots from each of four different CAD
plants (z = 8) and two roots from each of two different
WT plants tested (» = 4). Lateral sections of roots were
imaged using a Leica SP2 confocal microscope. Intact
roots of the WT line were stained with 0.1% Safranin
O, which stains nuclei, chromosomes, lignified and cu-
tinised cell walls red. Images were produced that are
a 3D reconstruction using 20 slices of 0.5-pum thick-
ness. The purpose was to investigate the potential of
using confocal microscopy to investigate the strain of
individual cells in situ caused by mechanical loading.

Determining localised strain with image analysis

Particle image velocimetry (PIV) was extended to eval-
uate localised strain fields in mechanically tested roots.
The theory is presented in White et al. (2003) and al-
gorithms supplied by this group were used. PIV uses
a cross-correlation technique to detect the movement

of pixels between sequential digital images (Adrian,
1991). It was developed first for fluid mechanics and
was modified to assess deformation in soil element tests
by White et al. (2003).

PIV measures the movement of patches of natural
texture in an image. In soil this is provided by different
colour grains and pores, but roots have little texture so
it was applied artificially by dabbing graphite powder
on the root surface. During mechanical testing at least
ten successive digital images were taken using a Nikon
D100 camera fitted with a Nikkor 60 mm f2.8 lens.
The images were 6 megapixels in size and covered
the length of the root and the end of the grips. During
the PIV procedure, a grid of patches was placed over the
root in the initial image in the sequence. In the next im-
age, a search patch beginning at the same location as
an initial patch moved around progressively to detect
the new location of the patch from the peak of the auto-
correlation function. The distance between patches was
used to determine the localised strain fields at different
stages of imposed mechanical strain.

There are several advantages of PIV over other ap-
proaches. Strain gauges placed onto roots only mea-
sure at one location, can be difficult to adhere, and may
influence mechanical behaviour. Previous imaging ap-
proaches that rely on the movement of artificial targets
placed on the material’s surface provide a much lower
resolution than PIV (White et al., 2003). We evaluated
PIV first using the roots of maize (Zea mays) seedlings
and later applied the approach to tobacco roots.

Results and discussion
Lignin-modified tobacco roots

Altered lignin biosynthesis through the genetic modifi-
cation of tobacco resulted in a significantly lower mod-
ulus (P < 0.001), but similar maximum stress for roots
of approximately the same size (Figure 1). Hepworth
and Vincent (1998) found that the modulus of woody
xylem tissue from the shoot of the same tobacco lines
was about 10-times higher, with a 1/3 reduction in the
CAD plants. The reduction between WT and CAD ap-
pears to be greater in the roots. The plants where CAD
enzyme production, hence lignin monomers biosyn-
thesis, was down-regulated appeared similar to the
unmodified controls in terms of plant height, mass
and root diameter (P > 0.05). Chabannes et al.
(2001a,b) also found the plants to be phenotypically
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Figure 1. The Modulus (black), maximum stress (grey), and diameter (white) of tobacco that is natural, WT or modified to reduce lignin

biosynthesis, CAD.

similar and reported similar lignin contents of 22%
(Klason method) for both CAD and WT plants. A dif-
ference was found in lignin composition, however, with
a lower ratio of syringyl (S) to guaiacyl (G) monolignal
units in CAD plants. Interfascicular fibres are generally
higher in S units, so this result could indicate that lig-
nification of these structures is lower in CAD plants
(Chabbanes et al., 2001b). Zhong et al. (1997) noted
that elasticity reduced markedly in an interfascicular
fibre mutant of Arabidopsis, but also reported a large
reduction in strength that was not found for the tobacco
plants tested here.

The genetic modification of plants to alter lignin
biosynthesis pathways is being explored to improve
the efficiency of paper pulping (Baucher et al., 2003).
If the approach is employed to modify tree stock used
for forestry, our early research on tobacco suggests that
root anchorage may be influenced. Lower root stiffness
may increase damage caused by wind, pull-out from
soil, and ultimately the occurrence of blow-down. How-
ever, roots tend to become stiffer when repaired from
mechanical damage (Niklas, 1998), so these problems
may be self-correcting under mechanical damage from
wind in the field. Hepworth and Vincent (1999) found
that flexural stimulation increased the shoot stiffness
of the same tobacco lines that we studied. In a field
study, Pilate et al. (2002) found CAD modified poplar
trees grew just as well as natural lines, although the
biomechanics of the roots were not evaluated.
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The testing approach may also need to be improved.
Grip slippage and damage was problematic, particu-
larly after the yield stress was exceeded. This would
affect the maximum stress more than the modulus, as
the modulus was evaluated from the linear part of the
stress—strain relationship below the yield stress. Ulti-
mate failure generally occurred near to the bottom grip,
where the root was younger and smallest in diameter.

Determining localised strain with image analysis

PIV, applied for the first time to the tensile testing of bio-
logical materials, successfully measured the movement
of patches placed over the surface of roots (Figure 2).
The surface texture produced by graphite powder al-
lowed for the new location of patches in successive
images to be detected from the peak of the auto-
correlation function. Patch movement could be used
to evaluate displacement trajectories along the length
ofthe root. These data could then be converted to radial
and axial strain components.

By assessing localised axial and radial strain along a
root section with PIV, the true stress that controls ulti-
mate failure and the true stress—strain behaviour along
the root length could be determined (Ashby and Jones,
1996). Figure 3 shows an image of a root at the point of
cortex failure. This produces a localised zone of inten-
sified stress and strain, where more damage occurs and
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Figure 3. The ‘Last’ image of root undergoing tensile testing
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of the root were evaluated using PIV from the movement of pixels
between successive images. Each line represents a step in the tensile
test, starting from the ‘First” image when low strain is applied and
ending in the ‘Last’ image after cortex failure.

ultimately leads to the failure of the stele. After cortex
failure, the true strain in this localised area was almost
40%, whereas the engineering strain (i.e. strain applied
to the entire root) was less than 5%. The reduction
in root cross-sectional area caused by cortex failure
almost doubled the true stress at this point of localised
failure. About half-way along the length of the root
it is slightly wider, so this location has a lower true
stress.

PIV and tobacco roots

PIV analysis of the tobacco root tests found a simi-
lar modulus to the values evaluated from the engineer-
ing stress—strain relationship from the loading frame.
For the WT tobacco, the modulus was 358 + 98 MPa
(average = s.e.) from the images, whereas it was 222 +
40 MPa from the engineering stress—strain relationship
(P = 0.21). In the CAD tobacco, the modulus was
105 + 26 MPa from the images, compared to 108 £
24 MPa from the engineering stress—strain relationship
(P = 0.94). The coefficient of variation was relatively
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large (20 to 25%), which although is inherent in many
biological materials, may also be due partly to experi-
mental difficulties during testing such as grip slippage.
The PIV analysis presented here looked at the aver-
age deformation along the entire root. More accurate
and meaningful results could be obtained by looking at
patches that are closer together, particularly near to the
zones where failure ultimately occurs.

As radial strain during tensile testing reduces the
area over which an applied force acts, the true tensile
stress will be higher than calculated from pre-loading
specimen geometries. PIV was used to convert from
engineering stress—strain to true stress—strain using ra-
dial strain over the average of the root and at specific
locations (Figure 4). The average true stress for a given
strain was higher than the engineering stress (data not
shown), as would be expected due to radial contraction
of the root diameter. In the particular example, the lo-
calised stress fields determined were heterogeneously
distributed along the root length. They were generally
higher than the average value calculated for the entire
root length because the impact of grip slippage was
removed. In addition to PIV identifying localised true
stress and strain fields by measuring radial and axial
strain it can also be used to determine the Poisson ratio.

18

Future research areas

Two novel approaches have been presented that could
improve our understanding of root biomechanics con-
siderably. PIV allows for localised measurements of
stress and strain that develop during mechanical load-
ing. Model plants with controlled biosynthesis path-
ways provide geometrically similar plants that vary
considerably in biomechanical behaviour. The role of
specific genes in lignin biosynthesis is well charac-
terised for these plant lines (Halpin, 2004) and could
be used to start to unravel how plant genomics links to
biomechanics.

The potential applications of PIV extend beyond me-
chanical tests on individual plant roots. Figure 5 shows
a confocal microscope image that identifies the cellular
structure of a WT tobacco root. It should be possible
to mechanically test intact roots in the confocal mi-
croscope to image deformation of the tissue structure.
Voytik-Harbin et al. (2003) proposed a mechanical-
loading imaging technique using confocal microscopy
to quantify load-induced changes to the scaffold of cells
in biological materials. This approach offers consid-
erable potential to gain greater understanding of the
biophysical mechanisms that control the mechanical
behaviour of roots.

The genes that shape root biomechanical behaviour
could also be identified using the wide range of modi-
fied plants that are currently available. In addition to the
tobacco plants used in this study, there is a wider range

Figure 5. Confocal microscope images of WT tobacco root, 240-pum
across.



of modified tobacco plants (Halpin, 2004) and poplar
trees (Halpin and Boerjan, 2003) available that could
help elucidate root biomechanics at the molecular level.
Further advances could be achieved with Arabidopsis
(Zhong et al., 1997), although the practicality of test-
ing such small roots may pose a problem. Studies with
Arabidopsis mutants have already studied the impor-
tance of root hairs to anchorage (Bailey et al., 2002).

Conclusions

As with many biological materials, roots are heteroge-
neous, irregularly shaped, and have a highly nonlinear
mechanical behaviour. This is further confounded by
genetic differences, which can have profound effects on
mechanical behaviour. In model tobacco plants, sup-
pressing a lignin biosynthesis pathway reduced stiff-
ness by almost 2/3. The irregular shape and hetero-
geneous structure of roots complicates analysis using
conventional mechanical testing approaches. PIV was
shown to be a useful approach to help overcome this
problem. It showed that localised areas of intensified
stress and strain occur in the root, which will likely
receive greater damage and ultimately be the locations
where failure occurs. PIV also detected that cortex fail-
ure in younger roots causes a large concentration of
stress during mechanical testing.

Understanding plant root biomechanics is integral
to describing root anchorage and soil stabilisation by
roots. New approaches from geotechnical engineer-
ing, specifically PIV and the behaviour of inclusions
in soil, should help us explore this multifarious prob-
lem. Future root biomechanics research will explore
how the stress—strain relationship is affected by dam-
age at the cellular level. We are also investigating the
biomechanics of Bt-Maize, a commercially grown GM
crop that is reported to have lower lignin levels. This
biomechanics research should ultimately increase our
understanding of how plant roots stabilise slopes and
anchor plants in the ground.
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Root reinforcement: analyses and experiments
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Ohio State University, 2070 Neil Avenue, Columbus, OH, 43210, USA.

Abstract

Simple and complex analytical models of root reinforcement and the associated requirements and limitations are
reviewed. Simple models include the limiting equilibrium solution and the cable and pile solutions. The complex
model is the finite element method (FEM). The simple models were used to analyze published data from laboratory
and in situ shear tests and pullout tests on soils reinforced with synthetic materials and root systems. The models
can be used for approximations when the model requirements are met. The FEM was used to simulate experiments
and provided more detailed information. These results provide insight on the failure mechanisms. This forms the

basis for suggestions on models to be used in stability analysis of slopes.

Introduction

The literature on the influence of vegetation on slope
stability is rich, covering a broad spectrum of theoret-
ical, experimental, and empirical studies. Comprehen-
sive reviews are given in Coppin and Richards (1990),
Gray and Sotir (1996), Morgan and Rickson (1995),
and Schiechtl and Stern (1996). More specifically, the
role of vegetation roots as a soil reinforcement has been
the subject of many studies. Because of the wide variety
of site conditions and vegetation types, the results from
different studies do not always appear to be consistent.
Therefore, it may be difficult to choose parameters for
use in stability analysis. The overall objective of this
paper is to address the question of how to evaluate the
role of root reinforcement on slope stability. The first
part reviews available analytical models of root rein-
forcement. Models may be simple or complex. Simple
models are easy to use and require less data. Complex
models, namely the finite element method (FEM), can
provide more detailed information but require more
data. In the second part, simple models are used to an-
alyze data from a variety of laboratory and in situ tests.
This provides a means for evaluating the failure mech-
anisms. The FEM is used to supplement the results

* E-mail: wu.26@osu.edu

from simple models. This provides insight on the fail-
ure mechanisms. Finally, suggestions are given on the
use of simple models in stability analysis.

Models of root reinforcement
Bending stiffness of roots

The experiments of Shewbridge and Sitar (1989) on
sand reinforced with fibers and rods clearly demon-
strate the important influence of the bending stiffness
on the thickness of the shear zone and the deforma-
tion of the reinforcement. A thin shear zone leads to
larger extension in the reinforcement than a thick shear
zone. On the other hand, flexible reinforcements require
more extension to reach the failure strain than stiff rein-
forcements. Selection of an appropriate model requires
consideration of the deformation of the reinforcement.

Simple models

For a reinforcement that is embedded at an angle of
90° to the failure surface (Figure 1a), limit equilibrium
requires that

s, = [T(cosa + sinatan )]/ A
= [T, + I tang]/A (1a)

Stokes et al. (eds), Eco- and Ground Bio-Engineering: The Use of Vegetation to Improve Slope Stability, 21-30.
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Figure 1. Simple Models. (a) Limit equilibrium, (b) flexible rein-
forcement, (c) cable model.

where s, = shear strength contributed by reinforce-
ment, T =tensile force in reinforcement, o =
inclination of 7', A = area of the section under con-
sideration, ¢ = angle of internal friction of the soil.
When written in terms of the stress, o,, Eq. (la)
becomes

s, = [0, A,(cosa + sina tan )]/ A (1b)

where A4, = area of the reinforcement. A modified
version of Eq. (1) can be used when the reinforce-
ment is not perpendicular to the failure surface (Gray
and Ohashi, 1983). For 48° < o < 72°, the quantity
(cos @ + sina tan @) is approximately 1.2 and Eq. (1b)
may be simplified to (Wu et al., 1979)

sy~ 1.20.4,/4. ()

For fibers and bars the limiting value of o, or T is the
ultimate tension (7)), which is the tensile strength or
the friction between the soil and reinforcement. In the
case of roots, the failure modes are tension failure in the
main root, progressive tension failure in branch roots,
and slip between root and soil. When pullout tests are
used to measure the 7, all three modes are possible.
The deformation required to produce failure depends
on the root properties and ranges between 0.05 and
0.15 m. This topic is considered further in a subsequent
section.

The simplest application of Eq. (2) is to assume that
the reinforcement deforms with the soil, or it has no in-
fluence on the shear deformation. Then « is determined
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by the shear strain in the soil (Figure 1b). Tension in
the reinforcement is developed by extension in the shear
zone and can be estimated from the tensile strain (Wal-
dron, 1977). If the extension is insufficient to develop
the ultimate tension, then o, would be less than the ulti-
mate tension but Egs. (1) and (2) remain valid provided
the right value of T or o, is used.

The thickness of the shear zone in laboratory shear
tests ranges between 5 and 50 mm for flexible fibers
and depends strongly on the boundary conditions of
the test (Gray, 1991; Shewbridge and Sitar, 1991). With
increasing bending stiffness the thickness of the shear
zone increases and the reinforcement no longer de-
forms with the soil (Abe and Ziemer, 1991; Jewell
and Wroth, 1987). Experiments with reinforced soil
walls show similar results (Jaber et al., 1987; Plumelle
and Schlosser, 1991). To consider the deformation and
bending resistance of the reinforcement, one can use the
equation for a tie (Figure 1c), which is (Oden, 1967)

d*u d*u
El— —T.—
dz* dz?

=q 3)
where £, I = Youngs modulus and moment of iner-
tia of the reinforcement, g = soil reaction, u = dis-
placement, L = length of tie = deformed portion of
reinforcement. For the limiting case, ¢ = g, = soil
reaction or bearing pressure at yielding. For nL < 1.5,
with n = [7./EI]'/?, the tie may be represented as a
beam or a laterally loaded pile. For elastic soil support,
the beam solution is well known (e.g., Hetenyi, 1946).
For the limiting case when the soil support is g,, the so-
lution for a laterally loaded pile has been summarized
by Broms (1964a,b) and Jewell and Pedley (1992). The
solution can be expressed in dimensionless numbers

N.=T,/cd*, Ny =T,/yK,d 4)

where y = unit weight, d = pile diameter, K, = coeffi-
cient of passive earth pressure. N, and N,, are functions
of M, = moment at yielding of the pile or beam, d, c,
@, and y and are given in Broms (1964a,b).

Eq. (3) can be simplified to a flexible cable if nL >
2.5. The cable solution is given by (Oden, 1967)

T.(0) = T(L) (5a)
T,(0) = ¢,L (5b)
u(0) = ¢,L*/2T.(0) (5¢)



The tension 7 in this case is also limited by the ultimate
tension. For a root perpendicular to the slip surface,
the beam or pile solution may be used for small u,
which means & — 90°, or 7, — 0. This represents the
condition the initial failure at yielding in the root. If
the root is ductile and does not fracture, u continues to
increase, T increases and the limit is the cable solution.

Finite element method (FEM)

The FEM makes it possible to solve for the stresses
and displacements in the 3-dimensional problem of a
reinforcement buried in soil. It has been applied to a
single root (El-Khouly, 1995; Frydman and Operstein,
2001) and to the root systems of trees (Dupuy et al.,
2005). The ABAQUS software package was used for
our FEM studies (El-Khouly, 1995). The root is rep-
resented by beam elements and the interface between
soil and reinforcement by slide-line contact elements.
The reinforcement is linear-elastic up to the yield point
and the interface shear has an angle of friction §. The
soil is elastic-plastic and can be represented by either
the Drucker-Prager model (Drucker et al., 1957) or the
Cap model (DiMaggio and Sandler, 1971).

Evaluation of tests on reinforced soil

The simple models were used to analyze data from
published laboratory and in sifu tests to improve the

Table 1. Direct shear tests

understanding of failure mechanisms. Finite element
analysis was used to provide more detailed information.
We distinguish between tests on soils reinforced with
fibers or bars from those on soils containing an entire
root system of a plant. The difference is that, with the
former group, the initial geometry of the reinforcement
is simple and known, while with the latter, it is complex
and usually not well known.

Direct shear tests

Several experimental studies that represent different re-
inforcement properties and measurements are reviewed
to illustrate the influence of the properties and test con-
ditions on s,.. The results are summarized in Table 1.

Tests on fibers, rods, and root members

Consider first the laboratory direct shear tests by Gray
and Ohashi (1983). Eq. (2) was used to calculate s,,
with 7, calculated from friction between soil and rein-
forcement. The normal stress o on the reinforcement
was taken to be 1.5 times the vertical stress, o ,, based
on calculations with the FEM model. The calculated
s,’s are about 1.5 times the measured values. This sug-
gests that friction was not fully developed, although
pullout was noted by the authors in some cases.

In the direct shear tests by Jewell and Wroth (1987),
the rods were provided with a rough surface and the
ultimate tension was equal to the friction. The displace-
ments within the soil and the force in the reinforcement

Author Test Spec. D (cm) Model s,, kPa Calc. s, kPa Meas.
Gray, direct shear 6 reed 0.18 Eq. (2) 1.5kN 0.6 kN
Ohashi 6 copper 0.18 Eq. (2) 0.72 0.3
Jewell, Wroth direct shear polymer Eq. (2) 0.46 o), 0.60,
coil S9Y
Shewbridge shear 14 wood 0.32 Eq. (2) 3.7kPa 1.8 kPa
14 para. chord 0.32 Eq. (2) 43 1
14 wood 0.32 cable 2.7 1.8
14 para. chord 0.32 cable 2.5 1
14 wood FEM 1.6 1.2
Nilaweera In situ shear Hopea ordata 0.5-0.8 Cable eq. 1.2-2.9 kPa 3 kPa
Pile eq. 0.08
Wu, Watson In situ shear Pinus radiata cable and pile 1.7-20.8 kN 18.2 ult.
21.5 23.2-242
peak
Frydman direct shear alfalfa Eq. (2) n=1.0% n=0.26
n=s/4.
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Figure 2. FEM simulation of Shewbridge and Sitar’s test, load-
displacement curve.

were measured. In this case the calculated value is close
to the measured one and agrees with the authors’ ob-
servation that friction was fully developed.

In the tests by Shewbridge and Sitar (1989), the
deformations of the soil and the reinforcements
were observed. The latter was used by the authors to
calculate the tensile force in the reinforcement and
s,. In this study, the friction was used to calculate 7,

and Eq. (2) to calculate s,. Eq. (2) overestimates s,.
This indicates that friction was not fully developed,
although Shewbridge and Sitar (1989) observed slip in
the case of wooden dowels. Since the deformed shapes
of the reinforcements were observed, it was possible
to estimate «, L, and u(0) for the cable solutions.
The cable solution requires the bearing pressure g,
exerted by the soil on the reinforcement. The upper
and lower limits were given by Jewell and Pedley
(1992). The range between the limits is large. Palmeira
and Milligan (1989) gave a modified upper limit
based on experimental results. Using their relation
qy/0- = 35, where o, = overburden pressure. Broms
(1964b) recommended a ratio g, /0. that is 3 times
Rankine’s passive pressure. This gives g, /0. ~ 10
and is the lower limit used here. For wooden dowels,
the estimated values of « and L are 30° and 5 cm, re-
spectively. Similar estimates were made for parachute
chords. The calculated ranges of s, are given in Table
1 and are higher than the measured values. The results
of FEM simulation are shown in Figure 2. The load
displacement curve for 14 wooden dowels shows that
the calculated s, is slightly larger than but close to the
measured value. Figure 3 shows the calculated octahe-
dral shear stress ¢g. Good agreement between simulated

(a) ; (b)
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0 x100 kPa
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Figure 3. FEM simulation of Shewbridge and Sitar’s test, stress distribution (a) on failure plane, (b) on longitudinal section.
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Figure 4. Root system of Pinus radiata.

and measured shear strengths were also obtained by
Frydman and Operstein (2001). Tensile failure was
not developed in any of the above experiments.

The above cases show that simple models are
not accurate. The difficulty lies primarily with the
evaluation of 7' or o,. One uncertainty in the above
calculations is the normal stress on the rods, which
controls the friction. In the cable solution, it is difficult
to estimate the dimensions L and «, without detailed
measurements. Furthermore, the range in the passive
resistance ¢, calculated by different theories is large
as indicated earlier. Nevertheless, if the limitations
are recognized, the simple solutions are useful for
order-of-magnitude estimates and allowances can be
made for inaccuracies in the estimates. On the other
hand, FEM gives good results and provides more
detailed information. However, it is difficult to use
where the reinforcement geometry is complex.

Tests on root systems
Root system denotes a main root with branch roots and
is more complex than fibers and rods. Furthermore, for
in situ tests, the initial position of the main root and
branch roots are not known and the deformed shape at
failure cannot be predicted.

Wu and Watson (1998) performed in situ tests on soil
blocks, each containing an entire root system of Pinus

radiata D. Don. The forces in selected roots were mea-
sured. After the test, the root system was excavated so
that the final positions of the roots are known. An ex-
ample is shown in Figure 4. The circles on the roots
denote the “bottom point,” which is the point of zero
displacement according to observations during exca-
vation. No pullout failure was noted. The forces in the
roots were calculated by the cable solution if the roots
were in tension, with the bottom point at b in Figure 1c.
Where the root is not perpendicular to the slip surface,
u in Eq. (4) is the displacement perpendicular to the
tangent at point 5. The calculated values of 7, and T;
were used in Eq. (1a) to calculate s,. If the roots were
in tension, the cable solution was used to calculate the
horizontal resistance, 7y. The details are given in the
paper. Only in roots 5 and 4 are the calculated forces
close to one-half of the tensile strength. The calculated
and measured s, ’s for the root system are given in Table
1 and the agreement is considered satisfactory. If we
assume that with additional displacement, roots 10, 5,
6, 8 reach tensile strength simultaneously, s, would in-
crease by 0.25, which is a relatively minor increase. By
comparison, the value of s, calculated with Eq. (1b)
and the tensile strength of all roots is about 3 times
the measured value. In view of the root geometry, it is
clear that not all the roots would fail simultaneously.
A reasonable interpretation is that approximately 1/3
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Figure 5. Shear tests by Nilaweera.

of the roots may be expected to fail any point during
shear.

Calculations with Eq. (2) and 7, = pullout resis-
tance, for the laboratory tests on soils with root sys-
tems of alfalfa (Operstein and Frydman, 2000) gave an
s, that is 4-5 times the measured value. Both P, radi-
ata and alfalfa have root systems that are plate-shaped
and it is reasonable to assume that, for such root sys-
tems, only a small fraction of the roots would fail in
tension.

Nilaweera (1994) performed shear tests on 2—3 year
old Hopea odorata that have large tap roots. The roots
were excavated after the tests. Tension failure was ob-
served in the tap roots at depths of approximately 0.5 m.
So the tensile strength and L were estimated and used
in the cable solution, Eq. (3). Since the soil is cohe-
sive and partially saturated, the shear strength from
consolidated—undrained shear tests was used for ¢ to
calculate g,. This assumes that at fairly rapid loading
rate used in the field tests and at high moistures, fail-
ure occurs in the undrained condition. The range in
calculated s, represents the uncertainty about the root
diameter at the failure point. Calculated measured s, for
10 tests are plotted in Figure 5. During the initial stages
of loading the tension in the tap root would be small
and the pile solution was used to calculate 7}, and the

Table 2. Pullout tests by Nilaweera

I

Depth (m)

Distance (m)

Figure 6. Root system of Hopea odorata.

calculated T,, is much smaller than the measured value,
which is expected.

Nilaweera (1994) also performed horizontal pullout
tests on young H. ordorata trees. These are similar
to lateral load tests on piles. A load is applied to the
end of a root in a direction perpendicular to that of
the root. Tension failure occurred in the tap roots at
depths of 2.5-3 m, where the roots enter weathered
rock, Figure 6. If we assume that the lateral roots and
the surrounding soil in the top 0.7 m moved as a block
(Wu and Watson, 1998), then the test is analogous to a
shear test. The bearing pressure p,, on the tap root above
the failure point was used to calculate 7, and 7, was
taken to be the tensile strength. The agreement with the
measured 7T, is satisfactory (Table 2). The contribution
of the small lateral roots was assumed to be negligible
and ignored. The calculated s, from the cable solution
is close to the measured value. The s, for initial failure,
calculated with the pile solution, is smaller than the
measured value.

In addition to the difficulties given above for fibers
and rods, the application of simple models to root
systems involve inaccuracies in estimating the dimen-
sions and positions of roots in a root system. This is
particularly true with plate-shaped roots like those of
P, radiata and alfalfa. Therefore, the most practical ap-
proach at present may be an empirical reduction of the
strength estimated from the ultimate tension, as sug-
gested earlier.

Author Test Spec. d (cm) Model T, Calc. (kN) T, Meas. (kN)
Nilaweera pullout Hibiscus 6 Shear 23 4
maccrophyllus Pp on lat 1.1
hor. pullout Hopea odorata 15 Pile eq. 13 42
Cable eq. 40 42
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Pullout tests

In pullout tests, a tensile force is applied to the end of
a root in the direction of the root. Failure may occur by
tension in the main root or progressive tension failure
in the branch roots, or by slip between the root and
soil. The controlling failure mode depends on the root

geometry and the tensile strength of the root relative to
the shear strength of the soil.

In Riestenberg’s (1987) tests on sugar maple roots,
Figure 7a, progressive tension failure occurred in
branch roots, resulting in a load displacement with sev-
eral peaks, Figure 7b, each peak representing failure of
a branch root. In four tests, the branch root that failed
could be identified. The tensile force was calculated for
both the main root and the failed branch root. The range
is shown in Figure 8. It is also known that the branch di-
ameter ratio d,/d; is approximately 0.5, in which d;and
d, = diameters of the main and branch roots, respec-
tively. A simplified model for this case is to assume
that the second order roots will fail at 7 = [ (0.5d;)?
o,]/4. The tensile strength predicted with this relation
is shown as a curve in Figure 8. This curve is a good
approximation for the average of the measured forces.
The conclusion is that for roots with a dendritic pat-
tern, the ultimate tension will always be smaller than
the tensile strength computed from the diameter of the
main root at the exposed end. The reduction depends
on the ratio d,/d,.

Nilaweera’s (1994) tests on Hibiscus macrophyllus.
present a different picture because the root system is
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Figure 8. Pullout tests by Riestenberg, pullout resistance vs diameter.
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Figure 9. Root system of Hibis macrophyllus.

composed of a large tap root with relatively few and
small lateral roots (Figure 9). No tension failure was
observed. The pullout force was calculated assuming
failure occurred by slip between soil and root. How-
ever, the adhesion between soil and root is unknown.
The problem is simplified by assuming that the adhe-
sion is larger than the undrained shear strength of the
soil and failure occurs in the soil with a thin soil layer
around the root. The calculated force is less than the
measured value, Table 2. If we add the passive resis-
tance or bearing pressure on half of the lateral roots,
the result is close to the measured value. Thus, for tap
roots, the shear between root and soil provides a conser-
vative estimate of 7. In all cases, the pullout resistance
is smaller than the tensile strength times the area at the
end of the root, where the pullout force is applied.

Application to slope failures

Based on the preceding review it is possible to identify
several typical conditions and the appropriate root re-
inforcement models. The conditions are admittedly de-
scriptive and oversimplified. Nevertheless, this should
at least, help to define the requirements and limitations
for appropriate use of the models.

Flexible roots in thin soil cover
This is the simplest case and occurs where a relatively
thin soil layer of relatively high permeability lies over a

firm base of low permeability. During large rainstorms,
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infiltration is rapid and saturation begins from the bot-
tom of the soil layer (e.g., Bevin, 1982). The critical slip
surface is at the bottom of the soil layer. In a slope fail-
ure, the shear displacement is large and can be expected
to develop the pullout resistance. Then limit equilib-
rium can be expected to apply. This is the situation in
the cases studied by Wu et al. (1979) and Reistenberg
and Sovodonick-Dunsford (1983). Egs. (1) and (2) gave
satisfactory results with the ultimate tension measured
by pullout tests.

Roots of intermediate stiffness

This is the case with a thick soil layer of relatively low
permeability. During rainstorms, saturation begins at
the top and the saturation front advances as the storm
continues. Since root density generally decreases with
depth, failure occurs where the suction is reduced to the
point that the shear strength of the reinforced soil equals
the shear stress. This condition is relatively common
(Anderson and Pope, 1984; Ekanayake and Phillips,
1999; Greenway et al., 1984). For trees with heart-
shaped or plate-shaped root systems (Dupuy et al.,
2005), the roots at the failure surface would be of inter-
mediate flexibility and their orientation, ¢, will range
from 0 to . Examples given earlier show that only a
fraction of the roots can be expected to reach the ul-
timate tension. This means s, that may be 0.20-0.33
times the value given by Eq. (2) when all the roots are
counted as failing. A simplified approach is that 1/5 to
1/3 of the roots will reach ultimate tension.

Stiff roots

This applies to trees with large tap roots anchored in
weathered rock, such as the white oaks (Quercus alba
L.) in Georgia (D.H. Barker, personal communication)
and the species studied by Nilaweera (1994). The
bearing pressure on the tap root provides a large part of
s,. The cable solution, Eq. (3), can be used and 7, may
be the tensile strength where the tap root is anchored
in rock. The pile solution may be used to calculate
the resistance at initial failure and give a conservative
estimate. No experimental results are available for this
case.

Live poles

Live poles (A. Kidd, personal communication), which
consist of willow stems with diameters of 4—10 cm and



lengths of about 2 m may be similar to stiff roots. How-
ever, they are of limited length. Before the roots are
developed, the shear strength of the soil would be the
upper limit of the “friction” between pole and soil. This
friction should increase considerably as roots develop
along the length of the pole. Pullout tests on 3-year old
live poles have given a tensile resistance larger than 4.9
kN (D.H. Barker, personal communication). The case
is similar to a reinforcement with rough surface, such
as those in the tests by Jewell and Wroth, with the roots
providing the shearing resistance between the pole and
soil. In principle, the pullout resistance is equal to the
combined pullout resistance of the roots that grow from
the stem. However, we do not have quantitative data
on root growth from stems. So, we can only rely on
empirical data. For stability analysis, consider the ex-
ample where the failure surface is near the midpoint
of the pole. If we assume that the pullout resistance
is uniformly distributed along the length of the pole,
the friction above and below the slip surface may be
taken as 1/2 of the pullout resistance. The friction be-
fore the roots are developed may be estimated from the
shear strength of the soil, and after the roots are devel-
oped, it would be 2.5 kN. For either case, Eq. (1) can
be used to calculate s, with T equal to the frictional
resistance.

Summary and conclusions

Simple models can be useful in understanding soil-root
behavior and interpreting test results. This allows us
to identify their requirements and limitations. In most
cases, the tensile force may be well below the ultimate
tension. The simple models can give approximate re-
sults if the tensile force can be evaluated. The anal-
yses demonstrated the importance of root geometry,
site conditions, and the nature of root displacement,
which control the failure mechanism. Understand-
ing the failure mechanism allows one to identify
appropriate application of the models to stability
analysis.
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Abstract

Forest vegetation is known to increase hillslope stability by reinforcing soil shear resistance and by influencing
hydrologic conditions of soil. Although the importance of plant root systems for hillslope stability has received
considerable attention in recent years, the quantification of such an effect needs more investigation. In this paper,
we present a synthesis of the data gathered in the last 5 years for some species in different locations of the Alps
and Prealps of Lombardy (Northern Italy) with the aim to increase our knowledge on root tensile strength and on
root area ratio distribution within the soil. Concerning root tensile strength we developed tensile strength—diameter
relationships for eight species: green alder (4/nus viridis (Chaix) D.C.), beech (Fagus sylvatica L.), red willow (Salix
purpurea L.), goat willow (Salix caprea L.), hazel (Corylus avellana L.), European ash (Fraxinus excelsior L.),
Norway spruce (Picea abies (L.) Karst.) and European larch (Larix decidua Mill.). Results show a great variability
among the different species and also for the same species. In general, however, root strength (in terms of tension)
tends to decrease with diameter according to a power law, as observed by other authors. Comparing the power
law fitting curves for the considered species, it can be observed that they fall in a relatively narrow band, with the
exception of hazel, which appears the most resistant. Concerning the evaluation of root distribution within the soil
we estimated the root area ratio (the ratio between the area occupied by roots in a unit area of soil) according to its
depth for five species (beech, Norway spruce, European larch, mixed hazel and ash) in three locations of Lombardy.
Results show that there is a great variability of root density for the same species well as for different points at the
same locality. The general behaviour of root density, in any case, is to decrease with depth according to a gamma
function for all the studied species. The results presented in this paper contribute to expanding the knowledge on
root resistance behaviour and on root density distribution within the soil. The studied location have allowed the
implementation of soil-root reinforcement models and the evaluation of the vegetation contribution to soil stability.

Introduction

Vegetation affects slope stability influencing both hy-
drological processes and mechanical structure of the
soil. The magnitude of such effects depends on root
system development, which in turn is a function of ge-
netic properties of the species and site characteristics
(soil texture and structure, aeration, moisture, temper-

* E-mail: bischetti@unimi.it

ature and competition with other plants). Due to the
variability of such characteristics, we observe a large
spatial variability of root patterns and then a great het-
erogeneity in soil reinforcement.

Limiting our attention to the mechanical effects, we
can recognise two main actions of roots: the small size
flexible roots mobilise their tensile strength by soil-root
friction increasing the compound matrix (soil—fibre)
strength (Gray and Leiser, 1982), whereas the large size
roots that intersect the shear plane act as individual

This article has been previously published in the following journal—Plant and Soil, Volume 278, 11-22.
Stokes et al. (eds), Eco- and Ground Bio-Engineering: The Use of Vegetation to Improve Slope Stability, 31-41. 31
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anchors (Coppin and Richards, 1990) and eventually
tend to slip through the soil matrix without breaking,
mobilising a small portion of their tensile strength (Bur-
roughs and Thomas, 1977; O’Loughlin and Watson,
1979; Schmidt et al., 2001; Ziemer, 1981). Both the
effects can be quantified by modelling (see Gray and
Leiser, 1982; Wu, 1995) if appropriate parameters are
provided.

Usually, the only effect considered by most of the
authors is the fibre reinforcement expressed as an addi-
tional root cohesion (Abernethy and Rutherfurd, 2001;
Bischetti, 2001; Bischetti et al., 2002; Burroughs and
Thomas, 1977; Riestenberg and Sovonick-Dunford,
1983; Schmidt et al., 2001; Sidle 1992; Sidle et al.,
1985; Wu, 1984 a,b; Wu et al., 1979; Wu and Sidle,
1995) which can be easily incorporated into spa-
tially distributed slope stability models (Chiaradia and
Bischetti, 2004; Istanbulluoglu et al., 2004; Pack et al.,
1997; Wu and Sidle, 1995).

The most widespread model for root cohesion (cr) is
the Wu (1976) and Waldron (1977) model:

C:=K -, (1

where fg is the mobilised root tensile strength per soil
unit area; K is a factor taking into account that roots
are randomly orientated with respect to the failure plane
which in most of the cases varies between 1.0 and 1.3
(Waldron, 1977; Wu et al., 1979).

The mobilised root tensile strength per soil unit area
(tg) can be written as

R = Tay, 2

where 7; is the average tensile strength per average
root cross-sectional area; a; is the root area ratio com-
puted as A;/A, where A; is the total cross-sectional
area of all roots and A is the area of soil in the sample
count.

Root tensile strength is affected as much by species
as by differences in size (diameter). The generally
accepted form for the relationship between root ten-
sile strength (T,(d)) and diameter (d) is a sim-
ple power function (Eq. (3), Gray and Sotir, 1996;
Wu, 1995):

T(d) = ad~’, A3)

where « and B are empirical constants depending on
species.
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To account for the variability in root size Eq. (2) must
then be rewritten as:

N
w=>1, 2% )

where 7 indicates the diameter class and N the number
of classes.

Root area ratio (RAR) provides a measure of root
density within the soil and as a consequence it is
strongly influenced by local soil and climate charac-
teristics, land use management and associated vegeta-
tion communities and randomness. In general, RAR
decreases with depth below the soil surface and with
distance from tree trunk (Abernethy and Rutherfurd,
2001; Greenway, 1987; Nilaweera, 1994; Schmid and
Kazda, 2001, 2002; Shields and Gray, 1992; Zhou et al.,
1998).

On the basis of the Wu (1976) and Waldron (1977)
model, the extent of root reinforcement depends on
tensile strength, density and depth of roots, which
vary significantly depending on species, local environ-
mental characteristics and spatial variability of vegeta-
tion properties (density, age, fire events, erosion, trees
health, etc.). Root density, in particular, shows an ex-
tremely large spatial variability, both in the vertical and
in the horizontal planes. Despite the large amount of
studies investigating such an issue (B6hm, 1979; Dan-
jonetal., 1999; Glinski and Lipiec, 1990; Jackson et al.,
1996; Keyes and Grier, 1981; Kramer and Boyer, 1995;
Libundgut, 1981; McMinn, 1963; Paar, 1994; Sainju
and Good, 1993; Watson and O’Loughlin, 1990), most
of them focus on eco-physiologic behaviour of veg-
etation and do not provide data useful for root rein-
forcement estimation. Such studies, in fact, deal with
nutrient and organic matter input to the soil, soil fertil-
ity maintenance and with carbon sequestration so, as a
consequence, they only consider small size roots (<1-2
mm) in the upper soil layers.

Because of a renewed interest in understanding the
role of vegetation on slope stability and shallow lands-
liding, the number of studies on such an issue is increas-
ing (Abernethy and Ruthefurd, 2001; Bischetti et al.,
2002; Roering et al., 2003; Schmidt et al., 2001; Zhou
et al., 1998). Nevertheless, due to the complexity of
reinforcement mechanisms, the variety of species and
environments and the spatial variability of characteris-
tics driving the processes, such work can be considered
eminently site-specific and more experimental data are



still needed for a whole comprehension and generali-
sation of the phenomenon.

The present study, focusing on some typical Alpine
and Prealpine tree species in Northern Italy, aims to
expand the knowledge on root strength and root density
values contributing in gathering enough data to achieve
such a generalisation.

Materials and methods
Study sites

Since 2000, the authors have been focusing their at-
tention on the effect of roots on slope stability starting
from a series of data and observations collected in the
Central Italian Alps and Prealps within the Lombardy
region territory. Most of the work was done in the ar-
eas of Valdorena, Morterone, Alpe Gigiai and Valcuvia
(Figure 1); additional samples for beech were also col-
lected in the areas of Valsassina and Val Intelvi.
Valdorena is a right-hand flank tributary of the Ca-
monica Valley (Oglio River). Most of the slopes are
dominated by superficial overconsolidated periglacial
materials and till deposits, with a thickness of more
than 20 m, intensively eroded by the fluvial incision.
Such deposits mainly consist of Late Pleistocene and
Holocene till deposits, rock glaciers (Holocene), talus,
landslides and alluvial deposits, whereas gneisses are
the dominant lithotype outcropping. At sampling points
located between 1525 and 1575 m a.s.1., soils consist

‘Florenc

of a mixture of sand and gravel in a silty matrix. The
mean annual precipitation measured at the nearest rain
gauge of Edolo (690 m a.s.l.) in more than 40 years of
observations is equal to about 1000 mm. Precipitation
mostly occurs as snowfall from November to March
and as rainfall in spring and summer, with a maximum
between May and September. At this site we focused
on root systems of Green alder (4/nus viridis (Chaix)
D.C.) and Willow (Salix spp).

Morterone area is located in the Taleggio valley, a
right hand flank tributary of Val Brembana (Brembo
river). Slopes are formed by glacial and fluvio-glacial
deposits with variable thickness overlying sedimentary
rocks (mainly formed of fine and coarse-grained lime-
stone with interbeds of marl and nodular chert and,
occasionally, intercalation of calcareous breccias). At
sample points located at 1100 m a.s.1., the soil consists
of very poorly graded material, generally defined as a
silt with clayey sand and fine gravel. Annual precipi-
tation measured at the nearest raingauge of Vedeseta
is equal to 1828 mm and it mostly falls as rainfall in
autumn and spring, but during summer many heavy
storms may occur. Mean annual air temperature is
6.1°C with an average summer temperature of 14.3°C
and an average winter temperature of —1°C. At this
site we focused on root strength and RAR distribution
of European beech (Fagus sylvatica L.), which is the
dominant species sometimes with intrusion of other
tree species such as European white birch (Betula pen-
dula Roth.), European ash (Fraxinus excelsior L.) and
Sycamore maple (Acer pseudoplatanus L.).

1 Valdorena
2 Morterone
3 Valsassina
4 Alpe Gigiai
5 Val Intelvi
6 Valcuvia

Figure 1. Location map of the study areas and species. Beech: Morterone, Valsassina, Alpe Gigiai, Val Intelvi and Valcuvia; Red willow, goat
willow and green alder: Valdorena; European ash and hazel: Valcuvia; Norway spruce: Valcuvia and Alpe Gigiai; European larch: Alpe Gigiai.
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Alpe Gigiai is located on the North-Western side
of Como Lake, in an area called Alto Lario. The
area is characterised by a steep and dissected topog-
raphy, with slopes commonly ranging from 20° to
30°. Glacial and fluvio-glacial deposits with variable
thickness overlie rocks in the lower part of the area,
whereas the higher portion is covered by colluvial de-
posits. Rocks outcropping in the study area are repre-
sented by gneiss belonging to Falda Adula. At sample
points soils consist of a gravel-sand mixture with silty
matrix. The mean annual precipitation of the area is
equal to 1604 mm. Mean annual air temperature is esti-
mated in 9.0°C with an average summer temperature of
18.5°C and an average winter temperature of —0.1°C.
At this site we focused on root strength and RAR
distribution of beech, Norway spruce and European
larch.

Valcuvia is a left-hand flank tributary of the
Maggiore Lake (Varese, Northern Italy). The study
sites are located in the St. Giulio creek catchment
(about 5 km?) which is characterised by a steep and
highly dissected topography, a typical V-shaped valley
and slopes commonly ranging from 25° to 45°. The
outcropping rocks consist mainly of fine and coarse-
grained limestone with interbeds of marl and nodular
chert. The soil consists of very poorly graded granular
material, generally defined as a gravel-sand mixture
with silty matrix. Mean annual precipitation measured
at the rain gauge of Vararo (in the upper part of the
catchment) is equal to 2330 mm; this area is really one
of the most rainy of the Lombardy Region and pre-
cipitation principally falls as rainfall in autumn and
spring, but during summer many heavy storms may
occur. In these recently disturbed terrains, forest is
dominated by European beech, but there are intrusion
of other hardwood species like Hazel (Corylus avellana
L.), European white birch, European ash, Sycamore
maple and some trees of non-native conifers such as the
Norway spruce (Picea abies (L.) Karst.). At this site we
focused on root strength of hazel, ash red spruce and
RAR distribution of mixed hazel-ash.

Tensile strength tests

Tensile strength tests were carried out for eight different
species: green alder (4/nus viridis (Chaix) D.C.), goat
willow (Salix caprea L.), red willow (Salix purpurea
L.), beech (Fagus sylvatica L.), hazel (Corylus avel-
lana L.), European ash (Fraxinus excelsior L.), Norway
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spruce (Picea abies (L.) Karst.) and European larch
(Larix decidua Mill.).

Beech roots were sampled in five different locations
in the Prealps (Morterone, Valsassina, Alpe Gigiai, Val
Intelvi and Valcuvia). Red willow, goat willow and
green alder roots were collected in Valdorena Alpine
environment, European ash and hazel roots were sam-
pled in Valcuvia, Norway spruce roots in Valcuvia and
Alpe Gigiai and European larch roots in Alpe Gigiai
(Figure 1).

Live roots were collected from soil by excavating
pits or trenches, taking care to avoid any root dam-
age or stress; samples were then put in separate bags,
sealed and transported to the laboratory in a refrigerated
box. In most of the cases, tensile tests were carried out
on fresh roots within 1 week from sampling; in some
cases we have conserved roots for few weeks with three
different techniques and verified that results were unaf-
fected by the conservation method employed (Bischetti
etal.,2003). The first conservation technique consisted
indrying root at 60°C for 24 h and rewetting them in wa-
ter for few hours (Schuurman and Goedewaagen, 1971,
cited by Bohm, 1979), the second consisted in freezing
roots in a plastic bag filled with water (Schuurman and
Goedewaagen, 1971, cited by Bohm, 1979) while the
last one by making use of alcoholic solution at 15%
(Meyer and Géttsche, 1971).

Tests were carried out for roots with typical tortu-
ousness on thread and diameter up to about 5 mm as
greater size roots tended to break at clamping points or
to slip out.

Testing was performed with a device designed and
built by the Inst. of Agricultural Hydraulics and follow-
ing a procedure described in more detail in Bischetti
et al. (2003). The key points in the procedure are the
following: constant strain rate of 10 mm/min, specifi-
cally developed clamping device to avoid root damage
at clamping points, only specimens which broke about
in the middle were taken into consideration (as the rup-
ture near clamps may be induced by root structure dam-
age instead of tension); tensile strength at rupture (Pa)
was calculated by dividing the peak load (N) by the
cross-sectional area of the root (m?) estimated as the
average of root diameters measured with bark before
traction'.

! We deem worth to mention the used procedure because the diver-
sity of procedures used by different researchers can affect the results
(Cofie and Koolen, 2001), with particular reference to the root diam-
eter measure.



Table 1. Results of tensile strength test

Diameter (mm) Strength (MPa)

Species Mean SD Max Min Mean SD Max Min

Fagus sylvatica 1.33 0.93 4.59 0.14 57.47 81.61 730.97 2.27
Salix purpurea 1.28 0.82 4.10 0.18 51.47 35.81 522.03 2.07
Salix caprea 1.42 1.10 5.70 0.13 47.80 60.14 408.59 6.02
Fraxinus excelsa 1.95 1.15 5.70 0.27 36.86 68.05 296.51 4.92
Alnus viridis 2.03 1.02 591 0.65 20.42 14.77 92.13 3.35
Corylus avellana 1.65 1.15 3.82 0.31 67.87 66.25 256.76 11.89
Picea abies 1.78 1.19 5.84 0.12 38.94 83.79 649.71 5.79
Larix decidua 1.68 1.49 5.47 0.14 66.14 99.78 427.96 6.44

Root area ratio measures

To obtain root distributions two methods are generally
adopted: core-break sampling (Babu etal.,2001; Burke
and Raynal, 1994; Biittner and Leuschner, 1994;
Hendriks and Bianchi, 1995; Schmid and Kazda, 2002;
Xu et al., 1997) and counting roots by profile trenching
(Burke and Raynal, 1994; Schmid and Kazda, 2001,
2002; Vinceti et al., 1998; Xu et al., 1997). Since core-
break samples provide root biomass, root number or
root length, the estimation of RAR implies hypothesis
about the tri-dimensional distribution of roots inside
the sample (Lopez-Zamora et al., 2002). In the present
work we present data obtained through root counting by
image analysis, applying the trench profile wall tech-
nique photographs (Béhm, 1979; Vogt and Persson,
1991). At sampling sites in proximity of a forest roads
under construction or next to landslide scarps we ex-
cavated a trench to expose a fresh profile of rooted
soil down to the bedrock, applied a frame of known
size and took several images that were rectified to cor-
rect geometrical deformation and roots were manually
digitised. RAR values were obtained at each depth in-
crements of 10 cm counting all roots with a diameter
between 1 and 10 mm; roots less than 1 mm, in fact,
are difficult to be recognised and correctly mapped,
whereas big roots may strongly affect RAR values but
hardly act in accordance of the reinforcement model
of Eq. (1), although they are fundamental for the tree
anchorage.

Results
Tensile strength

Stress—strain curves obtained by traction tests have
been processed to get peak tensile strength values.

Results exhibit a great variability of measured tensile
strength of roots among the different species, but the
variability exists also if taking only one species into
consideration. The results are presented in Table 1 and
in general, the value of the standard deviation for the
measured tensile strength is greater than the mean value
(up to twice).

Many authors (Abe and Iwamoto, 1986; Bischetti
et al., 2002; Burroughs and Thomas, 1977; Gray
and Sotir, 1996; Nilaweera and Nutalaya, 1999) have
demonstrated that root strength is strongly influenced
by root diameter. The tensile strength results must be
analysed in terms of strength—diameter relationship and
therefore the strength data (7r; MPa) versus root diam-
eter (d; mm) has been corrected by fitting the power
law of Eq. (3).

Data with the corresponding fitting curve are shown
in Figures 2—5, whereas the curve parameters, the num-
ber of trials and the coeficient of correlation are re-
ported in Table 2.

Root area ratio

Root area ratio was evaluated for five species in three
locations: beech in Morterone and in Alpe Gigiai, Nor-
way spruce and European larch in Alpe Gigiai, hazel
and European ash in Valcuvia.

As far as beech is concerned, both in Morterone
and Alpe Gigiai, we dug three trenches along the
cut slope of a forest road at a distance of about
100 m one from the other; in the case of Nor-
way spruce and larch in Alpe Gigiai, instead, three
and four trenches, respectively, were excavated at
landslides scarps. Finally, in Valcuvia, due to the
steep gradient of the slopes, we excavated only one
trench at a landslide scarp. Results are shown in
Figures 7-9.
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Figure 2. Strength—diameter values for beech at the study sites and the related regression line (7; = 41.65d~%97, r? = 0.62).

As expected, RAR values show a great variability
with depth, species and location. The general behaviour
of RAR with depth is to increase its values in the first
layers and then to decrease them. In most of the cases
the maximum RAR values are located in the first 30 cm
and the maximum depth is about 1 m. The mean val-
ues along the profiles range between 0.1% and 0.35%
depending on the species, with a standard deviation of
about one third of the mean for the different profiles at
the same site.

600

Discussion
Tensile strength

The results obtained in the present study essentially
confirm the power law relationship between strength
and diameter for all the considered species.
Comparing root tensile strength data for beech and
for Norway spruce which have been collected at differ-
ent sites (Figures 2 and 5), it seems that environment

o Salix purpurea
o Salix caprea

—— curve fitting Salix caprea

- curve fitting Salix purpurea

Figure 3. Strength—diameter values and the related regression lines for purple and goat willow (Salix purpurea T, = 26.33d=%% r2 = 0.55;

Salix caprea Ty = 34.5471:02 ;2 — 0.82).
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Figure 4. Strength-diameter values and the related regression lines for green alder (7; = 34.76d %% r2 = 0.34), hazel (T; = 60.15d~%73,

2 = 0.57) and European ash (7; = 35.73d~ 111, 2 = 0.51).

does not significantly affect tensile strength; such an
observation is in contrast with findings of other au-
thors (Burroughs and Thomas, 1977; Schiechtl, 1980)
and it must be confirmed by more analysis.
Concerning the behaviour of the different species
in terms of root tensile strength, the exponent of the
power law equation 8 controls the rate of strength de-
cay with diameter, whereas o can be considered as a
scale factor. From the results it can be recognised that
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there are two values of baround which the species val-
ues aggregate (Table 2): the unity for broadleaf species
except hazel and alder; and 0.70 for conifers, hazel and
alder; the species belonging to the same group, then,
show a similar behaviour but a different scale factor.
The most resistant species is hazel which has a high
scale factor and a low decay rate. The less resistant
species is red willow which has a little scale factorand a
high exponent. The other species show an intermediate

O Larix decidua
o Picea abies

- - - curve fitting Larix decidua

——curve fitting Picea abies
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Figure 5. Strength-diameter values and the related regression lines for Norway spruce (7; = 28.10d~%72,7% =0.53) and larch (7} =

33.45d707 2 = 0.47).
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Table 2. Parameters of the root strength—diameter power law
relationship

Number of
Species a B r? valid tests
Fagus sylvatica 41.65 0.97 0.62 168
Salix purpurea 26.33 0.95 0.55 150
Salix caprea 34.50 1.02 0.82 144
Fraxinus excelsa 35.73 1.11 0.51 17
Alnus viridis 34.76 0.69 0.34 49
Corylus avellana 60.15 0.75 0.57 13
Picea abies 28.10 0.72 0.53 92
Larix decidua 33.45 0.75 0.47 43

behaviour and strength depending on the considered
diameter.

Comparing the fitting curves, in any case, they ap-
pear to fall in a fairly narrow band with the exception
of hazel (Figure 6); such results need corroborating by
additional tests, especially for those species with less
strength data or a small correlation coeffcient.

Root area ratio

Observed values for RAR show a very high variabil-
ity with species, location and depth. RAR is strongly
influenced by genetics, by local soil and climate char-
acteristics and by forest management; in addition, ran-
domness must be accounted for.

1000
~ 100
Q
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In general, however, RAR decreases with depth (with
exception for the first shallowest layer) as a conse-
quence of a decrease of nutrients and aeration, and of
the presence of more compacted layers.

As far as beech is concerned, RAR behaviour shows
a great variability both between the investigated sites
and through the same site. In Alpe Gigiai site RAR
values are about double than in Morterone, but the
maximum root depth is nearly the half (0.7 m in
the first case and more than 1 m in the second).
Since the trees age and the soil depth are very sim-
ilar for the two woods, we deem that such a be-
haviour should be ascribed to the different manage-
ment practice: Alpe Gigiai beech wood management
is coppice, whereas Morterone wood is turning into a
hardwood.

Schmid e Kazda (2001, 2002) provide interest-
ing data for beech and Norway spruce root distribu-
tion; although it is not straightforward to carry out a
comparison due to a different definition of root size
classes, RAR values obtained in our study are con-
sistent with those data and in general with the results
reported in studies concerning other tree species in dif-
ferent environments dominated by hardwood forests
(Wu, 1995).

In the same manner as for tensile strength, RAR dis-
tributions were approximated to an analytical function.
All species had average RAR values that satisfacto-
rily approximated a gamma function (Kottegoda and

-8~ Fagus sylvatica
—— Salix caprea

—— Salix purpurea
—©— Alnus viridis

—>— Fraxinus excelsa
—*— Corylus avellana
—+ Picea abies

—— Larix decidua

1
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40 45 50 55 60 65

d [mm]

Figure 6. Strength-diameter fitting curves for the studied species (semi-logarithmic).
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Figure 7. RAR for beech at the two study sites (values at each trench, average and analytical approximation).

Rosso, 1997), except beech at Alpe Gigiai which seem
to be better approximated by a normal distribution
(Figures 7-9). The results for beech agree with the re-
sults of Schmid and Kadza (2001) for root density;
however, Schmid and Kadza (2001) found an expo-
nential decrease for Norway spruce roots.

0.00% 0.10% 0.20% 0.30%  0.40%
0 —t ; ; ;

In conclusion the data presented in this study ex-
pand the knowledge on root tensile strength and root
area ratio of some typical Alpine and Prealpine species
in Northern Italy and are suitable to be used in hills-
lope stability mapping in forested areas (Chiaradia and
Bischetti, 2004).
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Figure 8. RAR for Norway spruce (values at each trench, average and analytical approximation).
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Abstract

Vegetation can significantly contribute to stabilise sloping terrain by adding cohesion to soil: this reinforcement
depends on the morphological characteristics of the root systems and the tensile strength of single roots. The paper
presents the results of research carried out in order to evaluate the biotechnical characteristics of the root system of
three typical Mediterranean plant species which can affect slope stability. The species considered in the present study
are Lygeum spartum L. (a perennial herbaceous monocotyledonous), Atriplex halimus L. and Pistacia lentiscus L.
(two dicotyledonous shrub species). The plant specimens were collected in the Basilicata region (Southern Italy)
by in situ excavation to obtain the whole root systems. Single root specimens for each species were sampled and
tested for tensile strength measurement and the complete root systems were analysed to evaluate the root density
distribution with depth in terms of root area ratio. The resulting data have been used to calculate the reinforcing
effect in terms of increased shear strength of the soil using the model of Wu (1976, Investigation of landslides on
Prince of Wales Island. Geotech. Eng. Rep. 5 Civil Eng. Dep. Ohio State Univ. Columbus, Ohio, USA) and Waldron
(1977, Soil Sci. Soc. Am. J. 41(3), 843—-849), a simple and widespread model based on the reinforced earth theory.
The results show that root reinforcement exerted by L. spartum is stronger than the reinforcement exerted by P
lentiscus and A. halimus in the upper layers of the soil, while P lentiscus presents higher reinforcement values in
deeper horizons. A. halimus presents lower values than either of the other species studied.

Introduction

Vegetation influences slope stability interacting with
soil through hydrological and mechanical factors; me-
chanical factors originate from the action of root sys-
tems within the soil and result in the stabilisation of soil
due to the anchorage of superficial layers to deep stable
ones or into the bedrock. This reinforcement of the soil
increases its shear strength and binds its particles.

The stabilising effect of vegetation is essential in pre-
venting shallow landslides and in remediation works
based on soil bioengineering techniques, which make
use of vegetation as a building material (Schiechtl,
1980).

* E-mail: bischetti@unimi.it

The effect of herbaceous and shrubby-arboreous as-
sociations in the control of water erosion and in slope
stabilisation has been well known for centuries (e.g.,
restrictions on logging can be found in documents of
the Republic of Venice, Italy, dating back to the 13th
century). However, it was only in the second half of the
last century that researchers began to quantify such
effects (Greenway, 1987; Megahan and Kidd, 1972;
Nilaweera, 1994; O’Loughlin, 1974; Wu, 1976), and
only in the last few decades that quantification of the
reinforcement due to plant root systems has been the
object of particular studies (Burroughs and Thomas,
1977; Tsukamoto, 1987; Ziemer and Swanston, 1977)
although the number of species studied remains
fairly restricted, especially for the Mediterranean en-
vironment where the climatic conditions are not
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favourable to plant growth (Gallotta et al., 2003;
Schiechtl, 1980).

In this paper we analyse the characteristics of the root
systems of three wild species typical of the Mediter-
ranean region, in order to evaluate their contribution to
slope stability in terms of increased soil shear strength
by applying Wu’s (1976) reinforcement model. This
model is widely used in the evaluation of vegetated hill-
slope stability (Gray and Sotir, 1996; Hammond et al.,
1992; Roering et al., 2003; Schmidt et al., 2001) and es-
timates additional cohesion due to root presence start-
ing from root tensile strength and root cross-section per
unit area of soil (RAR), two biotechnical characteris-
tics of root systems (Gray and Sotir, 1996; Greenway,
1987; Schiechtl, 1980). Since such characteristics de-
pend on species and on growing conditions, a high de-
gree of variability is expected and a great deal of data
collection is still needed in order to further our knowl-
edge, especially for Mediterranean species (most of the
studies carried out so far consider forest or grassland
species). This paper aims to fill this gap.

Materials and methods
Reinforcement estimation

In non-rooted soil the shear strength is generally cal-
culated by the Mohr—Coulomb equation:

s=c +o'tand, (1)

where s is the soil shear strength, ¢’ is the soil cohesion,
o’ is the effective normal stress on the shear plane and
@’ is the soil friction angle.

When the soil is permeated by fibres (synthetic or
natural as in the case of roots) the displacement of soil,
as a consequence of shear tension, generates friction
between soil grains and fibre surfaces, causing the fi-
bres to deform and to mobilise their tensile strength.
In such a way, some of the shear tension can be trans-
ferred from soil to fibres, producing a reinforcement of
the soil matrix itself.

If the soil is rooted, then the increased shear strength
can be expressed as an additional cohesion:

Sy =S + ¢, )

where s, is the shear strength of soil reinforced by
roots and c¢; is the increase of shear strength due to
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the presence of roots (or root cohesion). Starting from
concepts of reinforced earth, Wu (1976) and Waldron
(1977) developed a simple theoretical model to predict
the increase in shear strength due to the presence of
roots. Assuming that roots are flexible, elastic and ori-
ented perpendicularly to the slipping plane, when the
soil layer moves and the roots within the shear zone
bend, the tangential component of tensile strength di-
rectly counterbalances the shear force and the normal
component increases the confining pressure. Assuming
that the soil friction angle is not affected, the additional
root cohesion can then be defined as

¢; = fr(sin 8 + cos § tan @), 3)

where #r is the average mobilised tensile strength of
roots per unit area of soil and § is the angle of root
deformation in the shear zone.

Based on field observations and laboratory experi-
ments, Wu et al. (1979) observed that for common val-
ues of § and @', the term (sind + cos § tan ®’) varies
between 1.0 and 1.3 and proposed a simplified form of

Eq. (3):
=121 “4)

Even if all the above assumptions have not always been
completely verified, field and laboratory direct shear
tests confirmed the validity of the model (Waldron and
Dakessian, 1981), which is commonly used to evaluate
the contribution of roots to soil stabilisation (Abernethy
and Rutherfurd, 2001; Roering et al., 2003; Schmidt
et al., 2001; Sidle, 1992; Sidle et al., 1985; Wu and
Sidle, 1995).

The mobilised roots tensile strength per unit area of
soil (fg) can be determined as the product of the average
tensile strength of roots (7R ) and the fraction of the soil
cross-section occupied by roots (Ar/A4):

tr = Tr(Ar/A) Q)

The term Agr/A is called root area ratio (RAR) and
it can be determined by counting roots, divided into
size classes within a given soil, and by measuring their
cross-section.

According to Gray and Sotir (1996) and several other
authors, T varies with the root diameter (D) following
a power law equation:

Tk = a D?, (6)

where o and 8 are empirical constants depending on



species; « can be considered as a scale factor, whereas
B as the rate of strength decrease.

Study site

The area chosen to collect the plant roots used in
tensile strength tests and root distribution lies in the
eastern region of Basilicata, near Matera (Southern
Italy) in the watershed of the Bradano River, inside the
OFosso Scarciolla’ creek basin. All of this area is in the
Apennine or Bradanic Foretrough, and is characterised
by the presence of Plio-Pleistocene clays and by pecu-
liar geomorphological features such as badlands and
gully erosion, which are the consequence of the pre-
vailing formations involved in recent tectonic uplifts.
The steep slopes are affected by typical badland ero-
sion forms, while many areas are characterised by the
presence of shallow translational slides. These slides
involve the superficial layers of the slopes, in many
cases less than 1 m in depth, where vegetation can exert
a beneficial effect on stability through the reinforcing
action of roots.

The climate is the typical Mediterranean semiarid
climate, characterised by hot dry summers (although
short periods of heavy rainfall may occur) and mild
rainy winters; autumn and spring are generally very
wet. The warmest month is August with a mean tem-
perature of 24.9°C, while the coldest is January with a
mean temperature of 6.3°C; the mean annual tempera-
ture is 15.1°C and the daily mean temperature is above
10°C for 8 months per year. The mean annual rainfall
is 640 mm and the mean summer precipitation is 150
mm (the dry period lasts from May to September), both
showing dramatic differences from 1 year to the next.

The native vegetation in the area consists of schlero-
phyllic evergreen plants, which are typical Mediter-
ranean shrub associations (called ‘macchia’) and are
able to survive both periods of drought and the diffi-
culties of their habitat. They grow in autumn or win-
ter whenever water is available, but are dormant in
summer. This vegetation is included in the bioclimatic
meso-Mediterranean zone and constitutes the climatic
zone of Oleo-Ceratonion, with dominance of Pistacia
lentiscus L., and with typical elements of Quercion ili-
cis class, such as Rubia peregrina L., Asparagus acu-
tifolius L. and Rosa sempervirens L., while Quercus
ilex L. is totally absent due to the presence of clay soils
(Corbetta et al., 1992).

On southern slopes, grassland covers the soil near
tilled areas and is constituted by Lygeum spartum

associated with Camphorosma monspeliaca L.,
Atriplex halimus L. and Polygonum tenoreanum Nardi
et Raffaelli.

Where water erosion is less evident and the soil
is more stable there is a typical natural scrubland
of P lentiscus L. associated with Phyllirea angusti-
folia L., Prunus spinosa L., R. peregrina L., Smilax
aspera L., Lonicera etrusca Santi, A. acutifolius L.,
Rhamnus alaternus L., Juniperus oxycedrus L. and
also A. halimus L.

Species studied

Three different species, L. spartum L., A. halimus L.
and P, lentiscus L., have been selected for the present
study because of their widespread distribution in the
Mediterranean environment.

Lygeum spartum is a monocotyledonous perennial
grass belonging to the Graminaceae family, which is
typical of clay soil; because of its resistance to drought,
extreme temperature and salinity it is endemic in semi-
arid environments. Its root system is thick, dense and
fibrous and is composed of small-diameter roots with
exclusively primary growth. Every year plants die in
summer, while in autumn a new generation of buds
with new roots develops from rhizomes, so at the end
of the vegetative cycle the roots are at their longest.
These monocotyledonous plants are anchored to the
soil by the sum of all their thin roots.

Atriplex halimus and P, lentiscus are dicotyledonous
shrubby species; the juvenile phase is characterised by a
tap root and many lateral roots, whereas the lateral roots
become relatively larger in the older phase (Kdstler
et al., 1968). A. halimus belongs to the Chenopodi-
aceae family and is a halophytic plant resistant to
drought, extreme temperature and salinity. This plant
is slow-growing and can reach a height of 2.0 m with
well-developed foliage; it is used in the Mediterranean
areas as forage. The root system of A. halimus con-
sists of one main root with few branches; the tap root
anchors the plant in a central position while the hori-
zontal lateral roots act like guy ropes (Stokes, 1999).
P lentiscus belongs to the Anacardiaceae family,
reaches a height of 6-8 m and develops a considerable
volume of canopy.

Tensile strength tests

In order to obtain root specimens for tensile strength
testing, plants of the selected species were dug out
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by hand using small tools down to a depth of about
60—70 cm below the soil surface. Plants were collected
in the same period, at the end of spring, to avoid the
effect of temporal changes in root reinforcement. The
complete root system was obtained by gently remov-
ing the soil from the block of soil-roots by hand and
washing it with jets of water. Finally the roots were
left to dry in the open air for about an hour. After-
wards the roots were cut with sharp scissors and stored
in airtight plastic boxes in a 15% alcoholic solution
in order to prevent mould and microbial degradation
(Bohm, 1979).

The roots were carefully inspected for possible dam-
age before tensile strength tests and the root diameter
was measured in three different positions along their
length so as to obtain a representative value. The ten-
sile strength tests were carried out according to the
procedure described by Bischetti et al. (2003) using
a device designed and built by the Institute of Agri-
cultural Hydraulics of the University of Milan. The
traction device consists of a rectified guide with a
mobile bogie which is propelled by an electric mo-
tor (0.09 kW) with a speed reduction of 1:343 to en-
sure a constant linear speed of 10 mm min~'; tensile
force is measured by interchangeable load cells (50
and 500 daN), while displacement is measured by a
potentiometer transducer. The device has specifically
developed non-serrated clamps to fix root ends; clamp-
ing of roots tips is actually a critical issue because
damage to the root structure can determine a rupture
of the root at the clamping points, thus affecting the
measurement of tensile strength. Clamps consist of a
cylinder with a groove in the centre to hold the roots,
which are rolled up for three-quarters of their length
and fastened by a semicircular plate screwed to the
cylinder.

The tensile strength values Tr (MPa) were obtained
as

TR = Fuax/7(D/2)%, (7

where Fi,x 1s the maximum registered load (N) and D
is the average root diameter (mm).

The inclusion or exclusion of root bark can affect
evaluation of root strength from measurement of root
breaking force (Bischetti et al., 2005). Nevertheless, in
the present case the issue proven not to be worthy of
note because the analysed roots actually had very thin
bark (a few microns).
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Estimation of root area ratio

In order to obtain RAR values, whole plant specimens
were manually dug out in the field for collection; in
the study area it was very difficult to apply the ‘trench
wall” method (Bohm, 1979) or ‘core break’ sampling
(Schmid and Kazda, 2002) owing to the firmness of
the clay soil and to the presence of many fine roots
belonging to different plants which were indistinguish-
able from each other.

Collected plants were taken to the laboratory, where
the whole root system was propped in the field position
and architecture and spatial distribution were analysed
by measuring the number of roots and their diameter
at different depths (including the finest roots less than
1 mm in diameter).

The values of RAR distribution with depth in the soil
were determined by counting roots for different size
classes and by evaluating their cross-section with ref-
erence to horizontal planes located at different depths.

Results
Tensile strength

Twenty eight root specimens were analysed for L. spar-
tum, 59 for A. halimus and 18 for P, lentiscus; in spite of
the special clamping device, about 15% of root spec-
imens were subject to anomalous rupture or slipping
and the resulting data were discarded.

Lygeum spartum, as mentioned, is a monocotyle-
donous herbaceous plant and is characterised by a thick
and fibrous root system with many thin elements. The
range of the primary root diameter proved to be very
limited (between 0.3 and 2.0 mm), while the secondary
roots were not analysed because of their very small di-
ameter (moreover the function of such small roots is
mainly to support plant nutrition and their contribution
to soil reinforcement can be considered negligible). The
diameter of the roots analysed varies between 1.1 and
1.8 mm; the mean strength value is 37.8 MPa and the
maximum recorded value is 58.3 MPa.

Atriplex halimus and P, lentiscus are dicotyledonous
shrub-like plants characterised by a tap root system
with one large, branching main root. Due to the
characteristics of the clamping device, the maximum
analysed root diameter of the two species was re-
spectively 4.2 and 4.6 mm. The mean and the maxi-
mum strengths recorded for A. halimus are 57.2 and



Table 1. Mean values of root strength and root diameter, coefficient of correlation, number of samples and value of « and 8 of power law

equation (6) of the three analysed species

Mean value of Mean value of Coefficient of Number of
Species root strength (MPa) root diameter (mm) correlation () analysed samples a B
Lygeum spartum 37.8 (12.5) 1.5(0.2) —0.6* 28 60.7 —1.30
Atriplex halimus 57.2 (23.1) 1.9(0.8) —0.5% 59 73.0 —0.60
Pistacia lentiscus 55.0 (15.4) 3.4(0.7) —0.4 NS 18 91.2 —0.45

Numbers in parentheses represent the standard deviation of mean.
*P < 0.01; NS = not significant.

116.9 MPa, whereas for P, lentiscus they are 55.0 and
98.3 MPa; some statistical properties of the tested roots
are summarised in Table 1.

Results have also been elaborated to fit the power
law of Eq. (6) and these are reported in Table 1 while
the corresponding curves are represented in Figure 1.

Root distribution and root area ratio

Since L. spartum presents a dense and fibrous root sys-
tem, whereas A. halimus and P, lentiscus present typi-
cal tap root systems with branching, as already stated
(Figure 2), it is to be expected that this difference be re-
flected in root distribution with depth and RAR values.

Concerning RAR distribution in the soil, the result-
ing values for the species studied show a decrease with
depth: L. spartum range between 0.09% at the surface
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layer to 0 at about 60 cm, 4. halimus between about
0.055% to 0 at about 55 cm and P, lentiscus between
about 0.060% to 0 at 75 cm. This decrease approxi-
mates a logarithmic law (Figure 3).

Soil reinforcement

By combining the strength-diameter relationships and
the RAR distributions calculated for the three species
considered, we obtained an estimate of the potential
reinforcement due to vegetation using Eqs. (4) and (5)
(Figure 4).

According to the RAR distribution, reinforcement
decreases with depth. The strongest reinforcement ef-
fect is exerted by L. spartum which shows a shear
strength increase of 60 kPa in upper layers and 0.3 kPa
at 60 cm, where only a small number of roots are

Tq = 72.97D060
=0.30

Tp=91.25D045
R? = 0.14

0+ e e
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Figure 1. Relationship between root tensile strength (7R ) and root diameter (D) for L. spartum (triangles), A. halimus (squares) and P, lentiscus
(circles). The curves reveal increasing tensile strength with decreasing root diameter. The mean value of tensile strength is 37.8 MPa for

L. spartum, 57.2 MPa for A. halimus and 55.0 MPa for P, lentiscus.
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Figure 2. Morphological differences between root systems of L. spartum (a), a monocotyledonous plant with a dense and smooth fibrous root
system, 4. halimus (b) and P, lentiscus (c), dicotyledonous plants with a tap root system consisting of a vertical main root with some branches.

present. On the contrary, 4. halimus presents the weak-
est effect with values ranging approximately between
6 kPa in the upper layer and 0.2 kPa at 55 cm; P, lentis-
cus presents an intermediate effect with values varying
approximately between 20 kPa in the upper layers and
3 kPaat75 cm.
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Discussion

The analysis of the root systems of the three species
considered, L. spartum, A. halimus and P lentiscus,
has shown significant differences in their biotechnical
characteristics.

RAR = -0.0004Ln(z) + 0.0015
R®=0.98

RAR = -0.0002Ln(2) + 0.0009
R® = 0.99

RAR=-0.0002Ln(z) + 0.001
R? =0.97
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Figure 3. RAR with depth (z) of L. spartum (triangles), A. halimus (squares) and P. lentiscus (circles). The values of RAR were influenced by

the morphological differences of the three root systems.
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Figure 4. Shear strength increase of soil for the three plant species.

The mean tensile strength values for A. halimus and
P, lentiscus (respectively 57.2 and 55.0 MPa; Table 1)
are similar to those published by other authors for
Alpine and Pre-alpine species (Bischetti et al., 2005;
Greenway, 1987; Schiechtl, 1980) and for the Mediter-
ranean environment (Gallotta et al. 2003). For L. spar-
tum the mean tensile strength (37.8 MPa) is greater than
for several herbaceous species tested by Cheng et al.
(2003), greater than most of the herbaceous species re-
ported by Schiechtl (1980) and comparable with the re-
sults of in situ shear tests carried out in rooted soil with
perennial monocotyledonous grass by Tobias (1994).

The root tensile strength values for the species
considered obtained by tests show that root strength
decreases with diameter (Figure 1), as found by
many other authors, following a power law equation
(Bischetti et al., 2005; Burroughs and Thomas, 1977;
Gray and Sotir, 1996; Nilaweera, 1994). The values of
the parameters of the power law equation (6) « and S,
obtained for the considered species, fall in the range
already found for hardwood roots (between 29.1 and
87.0 for o and between —0.8 and —0.4 for 8; Nilaweera,
1994) except for the decrease rate of L. spartum which
is higher (Table 1). This behavioural difference may be
ascribed to the different root anatomies of the mono-
cotyledonous species and further study is being carried
out.

From a statistical point of view the correlation coef-
ficient is significant for L. spartum and A. halimus but
not for P, lentiscus.

It is worth remembering how root architecture is in-
fluenced by genetic characteristics, edaphic conditions,
external factors, land use management and finally by
associated vegetation communities. In the study area,
the clay soil is characterised by a high degree of com-
pactness which increases with depth, and this reduces
the spreading of roots down through the profile. For
this reason, the roots of herbaceous species are gener-
ally confined to the faces between the large polyhedral
clods and to relict channels previously occupied by an-
nual vegetation. Root density is generally high in the
top 0.5 m of the soil profile and decreases with depth;
this decrease is abrupt owing to the presence of imper-
vious layers. The limiting effect of compact clay layers
on the propagation of roots is being confirmed by some
preliminary data regarding the germination and grow-
ing of L. spartum and A. halimus plants in experimental
plots (Mattia, 2003).

The root architecture of the P lentiscus plants anal-
ysed is similar to that of A. Aalimus. It should be noted
that it was necessary to extract whole root systems,
this meant working with young plants whose foliage
did not exceed 150 cm in height and whose root sys-
tems reached depths of 70-80 cm. Larger and older
plants may have, deeper, more complex root system;
some landslide scars present in the study area show
how deeply penetrating these may be.

Concerning the RAR, as defined in Eq. (5), we ob-
served a similar behavioural pattern for all the species
considered: the maximum observed values are located
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in the upper 20 cm of soil for all the species anal-
ysed and decrease with depth following a logarith-
mic distribution. In general, the decline of root density
with depth below the soil surface and also with dis-
tance from the stem is documented by several authors
(Greenway, 1987; Nilaweera, 1994; Schmid and Kadza,
2001; Shields and Gray, 1993; Zhou et al., 1998).

The values of RAR concerning L. spartum,
A. halimus and P, lentiscus are comparable with those
determined for Fagus sylvatica (Bischetti et al., 2005)
and other deciduous trees (Greenway, 1987; Schmidt
et al., 2001).

Different results were obtained for the estimated soil
reinforcement exerted by the three considered species
via Egs. (4)—(5). In the case of L. spartum’s thick and
fibrous root system, the increase in strength regarding
root cohesion varies with depth from 60 kPa in the up-
per layers of soil to 0 at 60 cm (Figure 4); the decrease
in reinforcement with depth follows a logarithmic dis-
tribution according to RAR distribution.

P, lentiscus and A. halimus show a reinforcement ef-
fect which decreases with depth similarly to L. spartum,
but with a lower rate of decrease. Maximum values are
to be found in the upper layers, approximately 20 and
6 kPa, respectively, for P lentiscus and A. halimus; the
minimum observed values are approximately 3.5 kPa
at 70 cm and 0 at 55 cm.

The estimated values of additional cohesion due to
the presence of roots may appear high; in fact the model
delineated by Egs. (4)—(6) assumes that all the roots
crossing the shear plane totally mobilise their tensile
strength at rupture at the same time. Many authors agree
with such a hypothesis (Roering et al., 2003; Schmidt
et al., 2001), while some others showed that such a
situation does not occur in reality because of the dif-
ferent orientation and tortuosity of roots and the pos-
sibility of uprooting (Hammond et al., 1992; Waldron
and Dakessian, 1981).

We believe that the amount of potential root cohesion
actually mobilised depends on the architecture of the
root system considered (root size and branching). Ham-
mond et al. (1992) considered tree vegetation which is
characterised by a ‘three-dimensional’ branched root
system with uneven sized roots and suggested a reduc-
tion factor of 0.56. In contrast, Waldron and Dakessian
(1981) considered young plantations of barley with a
shallow ‘mono-dimensional’ fine non-branched root
system and uniform-sized roots and suggested a reduc-
tion factor of 0.83. As regards the plants in the present
study, we think that their root systems, especially for
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L. spartum, could be considered uniform enough to as-
sume that all the tensile strength is mobilised in the
case of soil failure. However, a more realistic view,
which takes into account the orientation of the roots,
could suggest considering the values of root cohesion
reported in Figure 4 as being potential values.

In conclusion, the results presented in the paper serve
to expand understanding of the bio-technical charac-
teristics of the root systems of Mediterranean species.
This is a major issue in research, as the present lack
of knowledge about the behaviour of root systems of
typical species has been a limiting factor in using soil
bioengineering techniques in Mediterranean environ-
ments. From a general point of view the study con-
firms the validity of the power law in expressing the
link between tensile strength and root diameter. Fur-
thermore, the results obtained show that the effect of
L. spartum, A. halimus and P, lentiscus in terms of soil
reinforcement are comparable with those of some trees
and shrub species already studied in environments with
more favourable climatic conditions (Bischetti et al.,
2005; Greenway, 1987). This finding further encour-
ages the use of Mediterranean vegetation in slope sta-
bilisation practices.
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Abstract

Vetiver grass (Vetiveria zizanioides), also known as Chrysopogon zizanioides, is a graminaceous plant native to
tropical and subtropical India. The southern cultivar is sterile; it flowers but sets no seeds. It is a densely tufted,
perennial grass that is considered sterile outside its natural habitat. It grows 0.5-1.5 m high, stiff stems in large
clumps from a much branched root stock. The roots of vetiver grass are fibrous and reported to reach depths up
to 3 m thus being able to stabilise the soil and its use for this purpose is promoted by the World Bank. Uprooting
tests were carried out on vetiver grass in Spain in order to ascertain the resistance the root system can provide when
torrential runoffs and sediments are trying to uproot the plant. Uprooting resistance of each plant was correlated to
the shoot and root morphological characteristics. In order to investigate any differences between root morphology
of vetiver grass in its native habitat reported in the literature, and the one planted in a sub-humid environment
in Spain, excavation techniques were used to show root distribution in the soil. Results show that vetiver grass
possesses the root strength to withstand torrential runoff. Planted in rows along the contours, it may act as a
barrier to the movement of both water and soil. However, the establishment of the vetiver lags behind the reported
rates in its native tropical environment due to adverse climatic conditions in the Mediterranean. This arrested
development is the main limitation to the use of vetiver in these environments although its root strength is more than
suffcient.

Introduction

Vetiver grass (Vetiveria zizanioides), also known as
Chrysopogon zizanioides, is a graminaceous plant na-
tive to tropical and subtropical India. The southern cul-
tivar is sterile; it flowers but sets no seeds. It is a densely
tufted, perennial grass that is considered sterile outside
its natural habitat. It is reported that vetiver grows 0.5—
1.5 m high, stiff stems in large clumps from a much
branched root stock (Erskine, 1992; Truong, 1999).
The use of vetiver grass hedges against soil erosion in-
creased following several key papers promoting vetiver
grass planting as an effective and inexpensive erosion
protection measure and the publication of World Bank’s
manual in 1990 (for a review see Grimshaw, 1989).

* E-mail: s.b.mickovski @dundee.ac.uk

Vetiver grass has wider applications due to its unique
morphological, physiological and ecological character-
istics that highlight its adaptability to a wide range of
environmental and soil conditions. Currently used in
more than 120 countries, vetiver grass applications in-
clude soil and water conservation systems in agricul-
tural environment, slope stabilisation, rehabilitation of
mines, contaminated soil and saline land, as well as
wastewater treatment (Truong and Loch, 2004). In ad-
dition, vetiver has added commercial value as its roots
yield aromatic compounds that are applied for domestic
and cosmetic use. However, there is an argument that
when the plant is harvested for this purpose it may ac-
tually increase erodibility because the process loosens
the soil (van Noordwijk et al. 2000).

The most impressive characteristic of the vetiver
grass is its root system that consists of fibrous roots

This article has been previously published in the following journal—Plant and Soil, Volume 278, 33—41.
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reported to reach depths up to 3 m (Erskine, 1992;
Hellin and Haigh, 2002). Such roots extend deep
enough in the soil to provide the grip and anchorage
needed to prevent surficial slip in the event of heavy
prolonged rainstorm (Hengchaovanich, 1999). This is
the major reason why the use of vetiver grass for slope
protection is promoted by the World Bank (1990) and
The Vetiver Network (Paul Truong, personal commu-
nication, www.vetiver.org).

Planted in rows along slope contours, vetiver is able
to quickly form a narrow but very dense hedge. Re-
ported to tolerate adverse growing conditions (e.g.
winters with ground temperatures as low as —14°C)
(Truong, 1999), its stiff foliage is able to block the
passage of soil and debris in cases of torrential rains
(Dalton et al., 1996; Hengchaovanich 1999), in the
same time allowing the trapped sediment to form a
terrace upslope the hedge. Vetiver hedge is also able to
slow down any surface runoff which, in turn, gives the
rainfall a better chance of percolating into the soil in-
stead of running off downslope and potentially creating
rills and gullies, in the same time contributing to the
increased yield of crops planted on the slope (Truong
and Loch, 2004). If the sediment is not removed vetiver
will continue to grow up and adjust itself in tandem
with it on the newly formed terrace (Hengchaovanich,
1999; Truong, 1999) which, rises as the soil accu-
mulates behind the hedges, thus converting highly
erodible slopes into relatively more stable terraces
able to support sustainable agriculture or even forestry
(Meyer et al., 1995). Being a low cost, natural and
environmentally friendly method for erosion control
(Truong, 1999), the effciency of such contour hedges
for soil and water conservation have been studied in-
ter alia by Mishra et al. (1997) and Hellin and Haig
(2002).

The versatility of vetiver has led to its application
outside its original zones of provenance. Currently it is
successfully used in Africa, Asia, Central and South
America, southern Europe and Australia for stabili-
sation of steep batters of roads and railway embank-
ments. For example, in China in the last 5 years it
has been used for erosion and sediment control on
more than 150 000 km of embankments (Truong and
Loch, 2004). In principle, it would be possible to apply
it also in the European Mediterranean basin although
the soil and climatic conditions are harsh. Therefore, a
modest field trial was set up in the Alcoy region (Spain)
to evaluate its performance within the framework of
the EcoSlopes project. Two plots on the riser of a culti-
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vated bench terrace were planted with vetiver and com-
pared to similar plots under different treatments: Span-
ish cane (Arrundo donax), natural cover and regrowth
after complete stripping. In the area bench terrace risers
are left unarmored and are subject to erosion and fail-
ure despite their cover with natural vegetation (mainly
Brachypodium sp.)

Previous studies have reported on the growth and the
use of vetiver grass in its natural environment (Erskine,
1992; Hellin and Haigh, 2002; Hengchaovanich, 1999,
Salam et al., 1993; Truong and Loch, 2004) but the
properties of vetiver root systems have not been inves-
tigated in European context. In this study the mechani-
cal properties of vetiver roots and their architecture are
studied in order to evaluate its capacity to withstand
torrential rain, ponding and sediment pressure (Cheng
et al., 2003; Hengchaovanich, 1999), as well as its po-
tential for application in eco-engineering.

Materials and methods
Site characteristics

Experimental plots of vetiver grass were planted
on a site near Almudaina, Spain (X = 729275;Y =
4293850 and Z = 480 m on UTM 30s) in the spring of
2002. The vetiver was planted on the riser of a bench
terrace (Figure 1) which parts are potentially endan-
gered by runoff and soil slippage after intense rainfall
events. The local gradients on the riser ranged between
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Figure 1. Profiles of the bench terrace risers along the north and
south margins of the vetiver plots I and 1. The toe is located on the
abandoned terrace, the horizontal crest on the cultivated terrace.



35° and 60° while a nursery was established on the
bench terrace. Cuttings of vetiver were planted in rows
on the riser with a spacing of 10—15 cm. Rows were
placed at the crest, bottom and middle of the riser that
was between 1.75 and 2.25 m high (Figure 1). The
vertical interval of the vetiver rows was approximately
40 cm and their length 3 m each.

The soil on the site derives from Miocene marl. The
marl have a high clay content, predominantly smectites,
but, due to a carbonate content of 60 per cent or more,
most of the particles fall in the silt fraction. The dry
bulk of the topsoil 14.6 kN m~ and the porosity 0.413
m® m~3.The soil shear strength was determined in the
laboratory by means of strain-controlled, consolidated-
drained direct shear tests on saturated samples (BS
1377). Sample size was 60 x 60 x 20 mm? and the
applied strain rate 0.2 mm h~!. Because of the domi-
nance of the silt fraction, the soil has a high angle of
internal friction of 34° and a cohesion of a mere 4.8
kPa (N = 30). These strengths have been confirmed
by two in situ consolidated-drained direct shear tests
on pristine soil with field capacity of saturation with
dimensions of 32 x 32 cm in plan and 20-cm high,
for which no substantial root reinforcement was found.
In comparison, four tests on soil rooted with vetiver
yielded a significant root reinforcement in the order of
2.7 kPa (ranging between 2.1 and 3.7 kPa) when the
shearing resistance derived from the laboratory tests
was subtracted.

The climate at the site is continental and Mediter-
ranean. It shows a strong seasonality in rainfall and
temperature. Most rainfall occurs in the late autumn
and winter and to a lesser extent in early spring. The
total annual rainfall amounts to 700 mm per year but the
rainfall has a strong inter-annual variability with annual
totals varying between 350 and 1050 mm. Moreover,
rainfall is erratic and exceptional events occur through-
out the wet season: a 24 h total of 284 mm and an event
total of 553 mm have been recorded at Almudaina (van
Beek, 2002).

The mean annual temperature is 16°C ranging be-
tween a mean monthly temperature of 24°C in sum-
mer and 7°C in winter. In winter, the variability in the
temperature and its diurnal course are the largest with
night frost occurring regularly between end Decem-
ber and April (van Beek, 2002). The climatic condi-
tions at the site fall within the tolerances of vetiver
(World Bank, 1990) and the conditions over the grow-
ing period of the vetiver did not, on average, deviate
from them. However, the summer of 2001 was charac-

terised by a prolonged drought that was terminated by a
90-mm storm in August. Drip irrigation was applied
over this period to enable the plants to establish
themselves. February 2003 experienced exceptional
snowfall which cover persisted for several days. In
April 2003, a 146 mm event occurred in 24 h which
induced some small slips on slopes and risers. At the
test site damage was restricted to one plot planted with
vetiver through which the overland flow of the overly-
ing bench terrace was routed.

Since most erosion and slippage occur in the late
autumn, the investigation of the uprooting resistance
of vetiver grass was carried out in November 2003
when the ambient moisture conditions were close to
field capacity (observed volumetric moisture content
ranged between 0.25 and 0.35 m®> m~3). At that time,
the plants were well established and have proliferated
multiple stems from the cuttings planted in 2002.

Preliminary tests

In order to investigate the morphological character-
istics of vetiver roots, four plants were completely
excavated using the block excavation method (van
Noordwijk et al., 2000) (Figure 2). These plants were
randomly selected from the plot, the soil surface in a
radius 30 cm around each plant was carefully cleared
from the litter, and the soil block with dimensions
03 m x 0.3 m and 0.5 m deep, containing their
roots was manually excavated using a spade. Excavated

HIGHER ORDER
LATERAL ROOTS

Figure 2. Morphological characteristics of a semi-excavated vetiver
plant. Stiff stems grow upwards from the plant base, while primary
lateral roots grow vertically down the soil. Primary lateral roots often
branch into second/third, etc. order lateral roots.
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plants were then transferred to the in situ root washing
facilities where, to minimise root loss or damage,
the plants together with their root systems were hand
washed gently from the remains of the soil. Root sys-
tems were then sprinkled under a low water flow from a
sprinkler. For separating the last remnants of soil on the
roots, it was necessary to soak the root systems in water
basins and remove the soil by gently agitating the sam-
ple after what the soil particles settled on the bottom
of the basin, and the broken roots, if any, floated on the
surface. After the root systems were thoroughly cleaned
from the soil, they were placed on a paper mat and left
to dry in the open air for half an hour and the maxi-
mum lateral spread, and maximum rooting depth was
measured for each plant. All the primary lateral roots
(Figure 2) were then carefully cut off from the plant
base with scissors and the number of roots recorded;
root diameter at its base and near its tip (d;) was noted
together with the length of the primary lateral root. The
root cross-sectional area was calculated as an area of a
circle with radius d;. Observing the strong geotropical
tendency in the rooting pattern of vetiver, it was as-
sumed that all of the roots grow more or less vertically
downwards and the length of each root was assumed to
represent the maximum rooting depth reached by the
root itself.

Pullout resistance of vetiver grass

In order to investigate the pullout resistance of vetiver
grass, 22 plants were randomly chosen from the planta-
tion and were used as a test sample. Before each pullout
test the soil surface in a radius 30 cm around the plant
was carefully cleared from the litter, exposing the stem
base. A strong PVC rope (3-mm diameter) padded with
soft tissue in order not to destroy the plant material was
then tied around the stem base of the plant. The other
end of the rope was connected to a hand-held portable
force gauge (Alluris FMI-100) for accurate measure-
ment of uprooting force. In order to mimic the forces
applied to the plant during runoff and sediment im-
poundment, the pullout force was applied parallel to
the slope in downslope direction. The force was ap-
plied manually with a rate of 10 mm min~!, recording
the change in resistance along the way. The test was ter-
minated once the resisting force dropped sharply and
the plant was uprooted. Each plant was then carefully
excavated, its roots washed from the soil remnants, and
left on a paper mat to air dry for an hour.
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Plant morphological analysis

Aboveground characteristics such as the plant height
and the average diameter at the base (Figure 2) were
measured with measuring tape and callipers for each of
the 22 uprooted plants. The number of stems growing
from each stem base was also recorded.

Similarly as in the preliminary tests, the number of
roots was recorded for each tested plant and root system
characteristics including the root length, root system
lateral spread and depth were measured with measuring
tape (B6hm, 1979). The diameter of each root close to
the stem base was measured with callipers.

Root systems were then separated from the stems
using scalpel and sharp blade and placed in an oven to
dry over 24 h at 70°C , after which the root:shoot ratio
of each uprooted plant was calculated as the weight of
dry root mass over the dry weight of shoots (Bohm,
1979).

Statistical analysis

The results of the pullout tests were analysed using the
statistical package SPSS 10.0 (SPSS Inc, Chicago). A
bivariate correlation analysis with Pearson’s coeffcient
was performed in order to investigate any underlying
relation between the uprooting force for each plant and
the stem and root parameters measured during the in-
vestigation (Zar, 1998). A two-tailed test of signifi-
cance was used to identify the statistically significant
correlations.

Results
Preliminary tests

The tests to describe the overall morphological char-
acteristics of vetiver grass worked well in this specific
plantation. Vetiver roots were shown to originate from
the base of the plant that had between 8 and 10 stems on
average (Figure 2). The roots were numerous, pale yel-
low in colour and strongly geotropic. Having diameters
at the base of the plant in the range between 0.3 and
1.2 mm, the roots did not visibly taper and branched
to second and third order laterals of decreasing diam-
eters. None of the roots of the test plants had a lateral
spread larger than 0.25 m from the base of the plant, nor
did the depth of the excavated plants reach more than
0.3 m. These parameters justified the chosen size of



Table 1. Morphological characteristics of 22 investigated vetiver
plants

Morphological Standard
characteristic Range Mean error
Plant height [m] 0.74-1.08 0.925 0.035
Number of stems per plant 4-23 12.5 1.25
Plant diameter at base [m] 0.030-0.092  0.062 0.005
Maximum rooting depth [m] 0.110-0.275  0.219 0.018
Lateral root spread [m] 0.151-0.292  0.229 0.015
Root diameter at base [mm]  0.30-1.45 1.02 0.04
Dry root mass [g] 4.40-37.8 22.96 333
Dry shoot mass [g] 36.40-114.20 70.05 8.04
Root: shoot ratio 0.121-0.636  0.353 0.059

the excavation block that provided that no mechanical
damage is incurred to the root systems.

Plant morphology

Morphological characteristics of investigated vetiver
plants are given in Table 1.

Pullout resistance

The plant pullout method described in the Materials
and methods section was suited to the objectives of the
investigation, and 19 out of 22 plants could be uprooted
using this method. The other three plants were not up-
rooted because of the rope failure or a snap through the
plant stem.

180.0 -
160.0 4

140.0 +

120.0 +

100.0 1
80.0 4

force [N]

60.0 4------
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The investigated vetiver plants did not show any
movement in the first several force/displacement in-
crements. With the increase of the force applied, the
plants started to rotate around a point close to the
downslope end of the stem base but under the soil
surface, while the upslope lateral roots were acti-
vated in tension and provided most of the resistance
for the plant. In the later stages, sporadic sounds of
root snapping were heard just before the plant was
uprooted.

The plant pullout data showed that the plant resisting
force increased with displacement until it reached the
peak and then gradually started to decrease as the roots
started to break or slip from the soil. A typical pullout
force—displacement curve is shown on Figure 3. The
slopes of the increase in the force—displacement curve
to the maximum load ranged from 0.29 to 9.33, or on
average 2.50 £ 0.36 (throughout this paper: mean +
SE). The maximum uprooting force ranged from 190
to 620 N, or on average 466.97 &+ 31.25 N for the in-
vestigated plants.

The summary of the correlation analysis between
the pullout resistance of the investigated plants and the
other morphological characteristics measured during
the investigation is shown in Table 2. Positive correla-
tions were found between the uprooting force and all
other measured parameters. However, only the correla-
tion between the uprooting force and the plant height,
and between the uprooting force and lateral root spread
was statistically significant (P < 0.05).

0.0

100 150 200

displacement [mm]

Figure 3. Typical force—displacement curve for a pullout test on vetiver grass (sample D2). The uprooting force increased with displacement to
its peak value and then started to decrease due to root slippage or breakage.
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Table 2. Correlation between the force necessary to uproot the plant and other morphological factors. Analysis based on n = 22 plants

Correlation

Correlation

Factor coefficient R? Significance Factor coefficient R? Significance
Plant height 0.598 0.019%* Lateral root spread 0.517 0.048%*
Number of stems 0.218 0.435 Root:shoot ratio 0.013 0.768
Plant diameter at base 0.130 0.644 Total CSA 0.236 0.397
Maximum rooting depth 0.201 0.472 Number of primary 0.246 0.377

lateral roots
Average root length 0.378 0.165 Average root diameter 0.07 0.804

*Significant at a 0.05 level.

Figure 4 shows the dependency of the uprooting
force on the plant height for the investigated plants.
Taller plants show higher uprooting resistance and re-
quire higher pullout forces. Figure 5 shows the rela-
tionship between the maximum uprooting force and
the maximum lateral root spread. Vetiver plants with
root system that spread wider are able to resist uproot-
ing better than the plants with root systems that do not
reach far from the stem base.

Discussion

The morphology of the investigated plants did not con-
firm findings on the plant morphology of vetiver grass
in earlier studies. While the plant height reached al-
most the average reported for the vetiver in its nat-
ural environment (Erskine, 1992; Hengchaovanich,

{00 J
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Maximum uprooting force [N]

200 -

1999; Mishra et al., 1997), neither the number nor
the length of the roots reached the values reported
in earlier studies (Mishra et al., 1997; Salam et al.,
1993; Truong, 1999). Possible causes for the ‘under-
development’ of the root system might be the soil
type and the severity of climatic conditions over the
growth period (Paul Truong, personal communication).
The topsoil is more structured and stores most wa-
ter and nutrients available to the plant as the under-
lying marl has a dense structure. Moreover, during
the short growth season under the Mediterranean cli-
mate the soil dries out and becomes more hard. While
the local availability of water due to drip irrigation
also prevents root expansion. Hence, the full root de-
velopment, particularly in length and abundance ob-
served in deeper, drainable soils such as present in
the Tropics have not been achieved at the time of
testing.

100 T T
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Figure 4. The relation between the maximum uprooting force and the plant height in the investigated vetiver grass (Vetiveria zizanioides) plants.

Taller plants resist uprooting forces better than shorter plants.
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Figure 5. The relation between the maximum uprooting force and the maximum lateral spread of root systems in investigated vetiver grass
(Vetiveria zizanioides) plants. Plants with wider-spreading roots resist uprooting forces better than the plants with roots systems that do not reach

far from the stem base.

In Mediterranean environments therefore, where
soils are shallow and water is scarce over the grow-
ing season, it would be more economical for plants to
have the roots closer to the soil surface. This would
explain the biased investment in aboveground biomass
of vetiver observed at this site when water is available.
This leads to successful growth as long as irrigation is
applied over the growing season but when dependent
on natural rainfall that often falls outside the growing
season of vetiver, it loses the competition to endemic
species that are better adapted.

Despite the poor root development, correlation and
regression analysis showed that taller plants will resist
uprooting better than the shorter ones, which was to
be expected given the relatively constant root:shoot ra-
tio. Plants that invest more in their above ground parts
would also invest more in the proliferation of their root
systems. Furthermore, the increase in uprooting resis-
tance of plants that have root systems with extensive
lateral spread can be explained by the fact that larger
lateral spread also means larger anchoring length of
the lateral roots. Bearing in mind that the lateral roots,
especially the upslope ones (opposite of the side where
the uprooting force was applied) provided most of the
resistance for the plant resisting in tension, it is clear
that larger anchorage length will provide better fric-
tion on the root—soil contact thus increasing the overall
resistance of the root to pullout (Cheng et al., 2003).
The differences in lateral root spread can be explained

in terms of local differences in water and nutrient
availability.

Even the limited root systems of the investigated ve-
tiver grass proved able to withstand relatively high up-
rooting forces acting downslope. This high resistance
shows that in a case of torrential rains and suspended
runoff it can block the runoff and trap sediment be-
hind the hedge. This function was tested during the ex-
treme rainfall event that occurred in April 2004. One
vetiver plot withstood the rain and hardly any sediment
was collected. The other vetiver plot, however, received
most of the overland flow generated on the overlying
terrace and the riser failed as a slump with the slip plane
at 3040 cm, below the roots of the established vetiver.

The investigation of Vetiver zizanioides planted for
soil and water conservation on a bench terrace riser
in Spain showed that soil depth, water availability and
to a lesser extent temperature, adversely influence root
development in Mediterranean environments. Compe-
tition between native vegetation and vetiver highlights
the poor adaptation of the vetiver, and shows that the
dense, deep and columnar root systems cannot develop
to the same extent as under its native tropical and
subtropical environment (Figure 6). Rooting depth is
therefore the crucial factor for the performance of ve-
tiver on steep slopes in Mediterranean environments
as the event in April 2004 showed. Still, the uprooting
force of the vetiver is high and sufficient to withstand
the water and sediment loads that would apply during
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torrential runoff for which it may remain of inter-
est for soil and water conservation in Mediterranean
environments. However, because of its dependence
on irrigation and advantageous soil conditions, ve-
tiver seems more suitable for use in engineering solu-
tions when sites are carefully prepared and maintained
rather than as a species amenable to low-cost vegetative
solutions.
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Root reinforcement by hawthorn and oak roots on a highway cut-slope
in Southern England
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Nottingham Trent University, Burton Street, Nottingham, NG1 4BU, England
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Abstract

Highway embankments and cutting slopes in the United Kingdom, particularly in the South East of England, are
often constructed of or within stiff over-consolidated clays. These clays are prone to softening with time leading to
shallow slope failures and costly repairs. Reinforcement by natural vegetation is potentially a cost-effective method
of stabilising these types of slopes over the medium—long term. However, there is a lack of information on how
natural vegetation reinforces and stabilises clay slopes. To investigate this problem, the potential reinforcement
of selected oak (Quercus robur L.) and hawthorn (Crataegus monogyna Jacq.) roots was assessed by conducting
in situ root pull-out experiments on a London Clay cutting in south-east England. Pull-out tests were carried out
using specifically designed clamps and either a hand pull system with a spring balance and manual recording of
force for oak roots or a jacking system with electronic data logging of applied force and displacement for hawthorn
roots. Oak roots had a mean pull-out resistance of 7 MPa and that of hawthorn roots was 8 MPa. The electronic
data logging of applied force (pull-out resistance) and displacement of the hawthorn roots provided additional data
on the failure of branched roots which could be correlated with variations in root morphology. The failure of the
roots can be categorised into three modes: Type A: single root failure with rapid rise in pull-out resistance until
failure occurs; Type B: double peak failure of a forked or branched root and Type C: stepped failure with multiple
branches failing successively. The different types of root—soil bonds are described in relation to root anchorage and
soil stability.

Introduction

Many of the highway embankments and cutting slopes
in the United Kingdom, particularly in the South East
of England, are constructed of or within stiff over-
consolidated clays which are prone to softening with
time leading to shallow slope failures at depths of 1—
1.5 m (Greenwood et al., 1985; Perry et al., 2003a,b).
These slopes are usually seeded with grasses or planted
with selected shrubs and trees in accordance with lo-
cally agreed landscaping criteria and the Highways
Agency advice notes (Highways Agency, 2003, 2004).
Over time, these slopes become self seeded and natural

* Email: joanne.norris@ntu.ac.uk

regeneration starts to take place. It is the mid-long term
stability of these slopes that is critical but very little
knowledge exists on how this combination of seeded
grass, planted shrubs and natural vegetation are con-
tributing to the stabilisation of these over-consolidated
clay slopes.

The potential benefits of using vegetation for high-
way slope reinforcement (bioengineering) has been
considered in recent years (e.g., Barker et al., 2004;
Coppin and Richards, 1990; Gray and Sotir, 1996;
Greenwood et al., 2001; MacNeil et al., 2001). How-
ever, the quantification of in situ root reinforcement
involves a detailed appreciation of root growth, devel-
opment and decay with time, the roots’ interaction with
the soil and the seasonal effects on the geotechnical
parameters which are relevant to slope stability.

This article has been previously published in the following journal—Plant and Soil, Volume 278, 43—53.
Stokes et al. (eds), Eco- and Ground Bio-Engineering: The Use of Vegetation to Improve Slope Stability, 61-71. 61
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In situroot strength can be determined by conducting
in situ root—soil tests. In situ root—soil strength can be
obtained by carrying out in sifu shear box tests (Endo
and Tsuruta, 1969; Norris and Greenwood, 2003a,b;
O’Loughlin, 1981; Van Beek et al., 2005; Waldron
and Dakessian, 1981; Wu et al., 1988), whereas in situ
root strength can be determined by in situ root pullout
tests (e.g., Operstein and Frydman, 2000). The tensile
strength or root pull-out strength is valuable informa-
tion when assessing the stability of a slope and can be
included in limit equilibrium stability analysis (Green-
wood, 2005; Greenwood et al., 2004).

Assessing the pull-out resistance for quantification
of root reinforcement and for slope stability analysis
has received little attention, whereas the pull-out resis-
tance of roots or whole plants for resistance to lodging
by the wind (Bailey et al., 2002; Ennos, 1990, 2000;
Ennos et al., 1993; Goodman et al., 2001), disease
(Kevern and Hallauer, 1983), forest stand stability dur-
ing severe gales and storms (Achim et al., 2003; Nicoll
and Ray, 1996) and slope stability following clear-
felling (Watson, 2000; Ziemer, 1981) is much more
widely accepted. The uprooting resistance of trees by
wind has been investigated through wind tunnel exper-
iments on young trees (Stokes et al., 1995) and tree
winching experiments (Cucchi et al., 2004; Stokes,
1999).

The pull-out resistance of simulated roots and their
branching systems using wire models and computer-
generated root systems by numerical models was at-
tempted by Stokes et al. (1996) and Dupuy et al. (2004),
respectively. Numerical models determined that the
number of root branches and the diameter of roots were
major components in affecting uprooting resistance.

A number of authors have carried out uprooting re-
sistance tests on either plants or roots, but there are
very few descriptions of the apparatus used to do this
(Anderson et al., 1989; Denis et al., 2000; Norris and
Greenwood, 2003b; Operstein and Frydman, 2000).
The designs of the apparatus are based on a simple
clamp, jack or pulley system to extract the roots, the
ability to record resistance to pull-out or extraction
force and displacement.

For the current study, the root reinforcement of natu-
ral vegetation growing on a highway cut-slope in south-
east England on the M11 motorway was investigated.
A bio-geotechnical site investigation was carried out to
determine the ground conditions and characteristics of
the vegetation. From the wide variety of naturally re-
generated vegetation present, two common tree species
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were selected to investigate the interaction of roots and
soil. Selection of the tree species was restricted by site
accessibility, species abundance and time to excavate
the soil from the root system. The hawthorn (Crataegus
monogyna Jacq.) was selected for its abundance on the
site and commonality on the UK’s transportation in-
frastructure. This species also grows in a wide range
of soil and climate conditions and is tolerant of all but
the poorest acid soils. Hawthorn is a hardy and long
lived tree (Flora for fauna, 2002). The oak (Quercus
robur L.) was selected for its longevity. Both species
chosen were tested for their potential suitablility to
provide soil reinforcement on over-consolidated clay
slopes.

Materials and methods
Study area

The study area is situated on a road cutting on a south-
bound slip road of the M11 motorway between junc-
tions 4 and 5, near Chigwell, Loughton, Essex, UK (co-
ordinates Lat: 51°37'45” N (51.6292°), Long: 0°04'14”
E (0.0704°)). The study area is a northwest facing slope
having an overall slope angle of 20° and a height of 15
m. The crest of the cutting is at 40 m above sea level.
The geology of the cutting is predominantly London
Clay with a thin cover of superficial deposits (Boyn
Hill Gravel and Boulder Clay) (BGS Sheet 257).

The soil profile consists of a surface topsoil layer of a
brown sandy clay with occasional fine to medium flint
gravel and a varying abundance of roots and rootlets. It
varies in thickness between 0.15 and 0.25 m. A weath-
ered soft—firm brown—grey mottled fissured (London)
clay with occasional orange—brown silt partings and
some roots lay beneath the topsoil layer.

The cut-slope contains a wide variety of plants, from
grasses to shrubs and mature trees. Tree species present
are silver birch, oak, hawthorn and pine. It was ob-
served that natural regeneration of the vegetation was
taking place as young oak trees (approximately 5 years
old) were present. There seemed to be a marked change
in vegetation type approximately half way up the cut-
ting with predominantly grass, shrubs and young trees
towards the lower half of the slope and the upper half
of the slope consisting of mature trees. The marked
difference in vegetation is probably due to reprofil-
ing of the lower part of the slope during construction
of the access road and motorway (A. Kidd, personal



Table 1. Plant, root and soil characteristics of the hawthorn and oak trees

Mean root
Mean soil diameter
Slope dbh? Approximate shear (at clamp)  Mean root
Tree Ref. no. angle (°)  (mm) Height (m) Biomass (kg) age (years)  strength (kPa) (mm) length (m)
Oak? MO1 18 5 1.45 8 47 54+28  0.36+0.08
Hawthorn® HI/H2/H3/H5 17.8+04 848 +£19.8 517+2.6 32.8+157 80 73+17.3 21,6 £125 1.29+1.49
Hawthorn? HRA 14 113 6 80 61 +11.7 - -

¢ dbh taken at 1.3 m above-ground level.
b Only one tree tested.
¢ Mean data of hawthorn trees tested for root pull-out resistance.

4 Characteristics of the hawthorn tree excavated for root morphology observations.

communication). The original motorway was con-
structed in 1976.

Root pull-out tests

Four hawthorn (Crataegus monogyna Jacq.) trees and
one oak (Quercus robur L.) sapling were selected for
root pull-out resistance tests. Mean characteristics of
each species are given in Table 1. The oak sapling and
two of the hawthorn trees were tested in September
2002 and the other two hawthorn trees were tested in
the Spring of the following year (May 2003).

Soil from around the base of the trunk of each tree
was carefully excavated by hand trowel to a distance of
0.3 m from the trunk. Soil was removed until the main
lateral roots could be clearly seen. Each main lateral
root was labelled using an alphabetical labelling sys-
tem and their diameters, dips and orientations recorded.
Photographs and sketch drawings were taken of each
root system. The tree was carefully removed in sec-
tions, so that only the stump remained. Each root was
successively cut from the stump to allow the stump to
be removed. The above-ground mass (biomass) of each
tree was recorded.

The labelled roots were clamped and pulled out of the
ground in turn. Surface roots were pulled first to cause
minimal soil disturbance to roots penetrating deeper
into the ground. The manual and mechanical apparatus
used to pull-out the roots was designed by Notting-
ham Trent University (Norris and Greenwood, 2003b).
The mechanical apparatus automatically recorded mea-
surements of applied load and displacement using a 20
kN load cell and draw-wire transducer connected to a
datalogger. A constant strain of 2 mm/s was applied.
The hand-pull apparatus had manual recording of load
and displacement using a spring balance and tape mea-

sure. The nature of the failure was recorded in both
cases.

Curves of ‘applied pull-out force’ against ‘displace-
ment’ were plotted for each root. The maximum applied
force (pull-out resistance) did not necessarily corre-
spond to the point when the root failed (broke).

Each root was sketched and/or photographed and a
description of the roots sinuosity or straightness, ta-
pering and number of branches recorded. The length
of the root was determined by using a tape measure
or ruler to the nearest millimetre. Root diameters at
the clamp, all break points and/or root tips were mea-
sured using vernier callipers to an accuracy of 0.02 mm.
Root diameter was measured by taking the average of
the maximum and minimum diameter readings. The
mass of the root was recorded and a portion of the root
was used to determine the root moisture content by
oven-drying at 80 °C for 24 h. Soil shear strength (or
stifiness) was also determined as soon as possible after
the tests by using a hand held shear vane (Clayton et al.,
1995).

Plots were used to analyse the relationships be-
tween the maximum force (resistance) taken by the
root, the failure stress and root parameters (diame-
ter measured at the clamp, root length and number
of branches). The failure stress was calculated based
on the maximum applied force divided by the root di-
ameter at the clamp (values are given as mean =+ stan-
dard deviation). Regression analysis was carried out on
the resultant plots. Root orientation was analysed us-
ing Geo-Orient v 9.2 (Stereographic Projections and
Rose Diagram Plots) software available on the web
at http://www.earth.uq.edu.au/~rodh/software. Circu-
lar statistics (Fisher, 1993; Mardia and Jupp, 1999)
were applied to the data to obtain the mean root growth
direction.
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Results
Pull-out resistance of hawthorn and oak roots

A total of 42 roots were tested using the mechanical
pull-out apparatus from the four hawthorn trees, three
tests were unsuccessful as the roots were too strong for
the apparatus (force to pullout exceeded the 20 kN load
cell). Ten oak roots were pulled out by hand.

The maximum pull-out resistance for hawthorn roots
with diameters 7.1-61.8 mm (mean 21.6 £ 12.5 mm)
varied between 0.3 and 12 kN (mean 2.88 £ 2.6 kN)
(Figure 1a) whereas the oak roots had maximum pull-
out resistances between 0.03 and 0.44 kN (mean 0.15
+ 0.14 kN) for root diameters between 1.7 and 9.3
mm (mean 5.4 £ 2.8 mm) (Figure 1b). A positive cor-
relation exists between maximum root pull-out resis-
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Root diameter (mm)
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Figure 1. Root pull-out resistance was significantly correlated with
root diameter in (a) hawthorn (y = 0.1929x) — 1.2812, R?> = 0.835,
P =0) and (b) oak (y =0.0401x) — 0.0573, R?> =0.666, P =
0.002).

64

tance and root diameter for hawthorn and oak roots
(Figure 1). Small root diameters have low pull-out re-
sistance and/or breaking force whereas larger diameter
roots have a high resistance to pull-out and/or high
breaking forces. No significant relationship existed be-
tween root breaking force and (recovered) root length
for either hawthorn or oak roots.

About 70% of hawthorn roots broke in a tensile
failure along their length, 8% pulled completely out
of the ground with 22% exhibiting a combined ten-
sile slippage failure pattern, whereby the roots reached
a maximum peak load and partially failed but ad-
hesion with the soil provided a residual resistance
(Greenwood et al., 2004). The oak roots had an 80%
combined tensile and slippage failure pattern, 10%
tensile failure and 10% pulled completely out of the
ground.

Root pull-out failure stress

The failure stress of the hawthorn roots, based on the di-
ameter at the clamp, ranged from approximately 5 MPa
at 60-mm diameter to typically 3—15 MPa at diameters
less than 30 mm (Figure 2), mean failure stress was
8.1 £ 4.6 MPa. Oak roots had failure stresses between
2 and 14 MPa, with amean of 7.4 £ 3.5 MPa (Figure 2).
When failure stress was correlated with number of
branches a non-significant relationship existed.

30

Root pull-out failure stress (MPa)

80

Root diameter (mm)

Figure 2. Root pull-out failure stress was significantly corre-
lated with root diameter for hawthorn (solid diamonds, solid
line y =24.919x —0.4322, R>=10.188, P =0.004) and oak
(open triangles, dotted line y = 16.585x — 0.6088, R? = 0.464,
P =0.018).
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Figure 3. Root growth direction of (a) hawthorn (mean direction = 299° + 2.2) and (b) oak (mean direction = 124° & 1.7°). The length of each
sector is equivalent to the number of roots occuring in that sector (e.g., 3 roots fall in the sector 1-10° in (a)). Each sector angle is 10°. The
arrow represents mean root growth direction. Upslope direction of the cut-slope is 150°.

Root morphology and orientation

The hawthorn and oak both show an asymmetric root
growth pattern (Figure 3). The hawthorn had a mean
root growth direction of 299° + 2.2° whereas the oak
was 124° &+ 1.7°. The most frequent number of roots
occur laterally across the slope in hawthorn (Figure 3a)
whereas the oak shows a greater number of roots oc-
curring in the upslope direction (Figure 3b).

Morphology of the pulled hawthorn roots

The majority of the hawthorn roots pulled out of the
ground were either short or long thick straight roots,
many forking into two or more branches near the top
of the root. Some of the long roots showed marked
curvatures to their form. The thinner roots were sinuous
in nature. Roots were ellipsoidal in cross section and
showed a gradual taper along their length. The outer
cortex of the roots was a reddish-brown colour, the
thicker roots had prominent ridges at regular intervals
along the length of the root.

During root pull-out there was no separation of the
cortex (bark) and stele (inner root core) and the root
generally remained intact except where lateral and
forked branches had broken or snapped through ten-
sile failure. The clay soil was observed to be smeared
along many of the roots.

Hawthorn root morphology as observed from
excavating the root system of one tree

To appreciate the nature of the roots in the ground and
how they were resisting pull-out, a further hawthorn
tree was excavated using an airspade to a distance of 1.5
m from the centre of the trunk. This hawthorn tree had a
shallow rooting depth of 0.5 m below-ground level, and
had other characteristics similar to the four hawthorn
trees used for root pull-out tests (HRA in Table 1). The
root plate showed no obvious tap-root directly below
the trunk, but had many lateral roots which radiated
from the base of the trunk. Roots were ellipsoidal in
cross section and tapered gradually. Some lateral roots
divided into multiple branches along their length.

Morphology of the pulled oak roots

The majority of the oak roots pulled out of the ground
were long straight roots with many short rootlets
along their length. Some roots forked into two or
more branches near the root tips, others were multi-
ple branches. Some showed right angle bends where
they had obviously had to grow around an obstruction.
All roots showed a gradual taper along their length.

Many of the oak roots lost the cortex during pull-out,
indicating a greater adhesion between the bark and the
soil than between the bark and the stele.
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Excavation of a comparable oak tree for root mor-
phology observations was not possible, therefore the
actual depth of the oak root system was not estab-
lished. However, Lyford (1980) showed from investi-
gating the root system of Red Oak (Quercus rubra L.)
that saplings have a tap root system and if soils are well
drained and friable the root system may reach a depth of
0.7 m between 3 and 5 years old. In the stiff clay soil,
the root system of the Quercus robur sapling would
probably have had a restricted growth thus preventing
the tap root from reaching this vertical depth.

Mode of failure

On first inspection of the plots of root pull-out resis-
tance against displacement, all roots seemingly had an
initial rapid rise in pull-out resistance (force) with rel-
atively small displacement, to a maximum peak fail-
ure point over larger displacements. However, if root
morphology is correlated to the failure curves, three
different types of failure can be recognised (Figure 4).

Typically applied force (pull-out resistance) initially
rises linearly with displacement to a peak point at dis-
placements of 50-100 mm. This initial peak is either
(a) followed by a rapid reduction of force until there is
no resistance and the root completely pulls out of the
ground (Type A failure, e.g., Root H2C) or (b) followed
by a continued high resistance (force) leading to a sec-
ond peak failure (Type B failure, e.g., Root H3E). In
some cases, pull-out resistance increases progressively
as a series of stepped peaks to a final maximum peak
(Type C failure, e.g., Root H3N), these peaks corre-
spond to the failure of lateral root branches. Type A
failure generally has roots of a long length (>0.7 m)
with no or few branches. Type B failures tend to have
roots that are highly branched or forked. Forked roots
diverge into two major branches, at angles of approxi-
mately 45°. Type C failures have roots of multibranched
nature with significant lateral root branches failing be-
fore the main root. The number of branches or root
divisions has more influence on the type of failure than
the length of root.

Discussion

Root pull-out resistance

The pull-out resistance of the hawthorn and oak roots
are affected by intra-species differences, inter-species
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variations and root size (diameter) in much the same
way as root tensile strength varies (as measured in the
laboratory). In the pull-out test, the applied force acting
on the root acts over a much greater root area (multi-
ple branches, longer lengths) than the short ~150 mm
length of root used in the tensile strength test. The fail-
ure condition in the pull-out test is likely to be initiated
at weak points within the root system, i.e., branch-
ing points, nodes or damaged areas, as opposed to the
forced failure within the restricted length of the tensile
test specimen. The pull-out failure stress is always go-
ing to be lower than the actual tensile strength of the
roots but experience in the field indicates that the pull-
out stress generally approaches to within 50-70% of the
tensile strength. The tensile strength of fresh hawthorn
roots from the M 11 site was 15.5 £ 6.8 MPa (Norris, J.
unpublished data).

The resistance to pull-out may be marginally affected
by the stiffness of the clay but this cannot be discerned
from the data. It would be expected that roots would
pull more easily through a wetter softer soil than a stiff
soil. Other effects may be linked to root growth around
stones or roots from other trees forming barriers to
pull-out.

The non-significant relationship between root pull-
out resistance and root length can be explained by the
fact that only the recovered root length was used and not
the total length of root pulled. According to Riestenberg
(1994) and Stokes et al. (1996), root length is a factor
in the pull-out resistance of roots and as such a positive
correlation would be expected.

No relationship was determined for root pull-out re-
sistance and root depth because of the uncertainty as
to the actual depth of the root in the ground. How-
ever, observations of the hawthorn root system showed
that the roots were only shallowly rooted in a plate-like
system to a maximum depth of 0.5 m. Experiments on
the resistance of model root systems to uprooting con-
cluded that the depth of roots in the soil affected the
pull-out resistance (Dupuy et al., 2004; Stokes et al.,
1996).

The negative correlation between pull-out failure
stress and root diameter (Figure 3) is consistent with
the decreasing tensile strength increasing root diam-
eter relationship as reported by several authors, e.g.,
Nilaweera (1994). A decrease in root diameter (from
5 to 2 mm) can result in a doubling or even tripling
of tensile strength. This phenomenon may be partially
explained by considering whether or not the root bark
plays a role in the root resisting pull-out. Bark has been
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Figure 4. Examples of the three types of root failure and associated root morphologies for hawthorn roots.

shown to have minimal strength and as such should
not be used as a reliable indicator of tensile strength
(Hathaway and Penny, 1975). However, in the root pull-
out test, the bark is in contact with the surrounding soil
through root—soil adhesion, friction and mycorrhizal
associations and as such affects the amount of pull-
out resistance so is thus taken into account when cal-
culating failure stress. The negative relationship has
also been attributed to differences in root structure,
with smaller roots possessing more cellulose than older
thicker roots, cellulose being more resistant than lignin
in tension (Commandeur and Pyles, 1991; Genet et al.,

2005; Hathaway and Penny, 1975; Turmanina, 1965);
and root straightening during tensile testing.

Both the oak and the hawthorn had similar mean
failure stresses of 7.4 and 8.1 MPa, respectively. If
these failure stresses are compared with published val-
ues of tree root tensile strengths of, for example, Black
Poplar (Populus nigra) 5-12 MPa and Sallow (Salix
cinerea) 11 MPa (both from Coppin and Richards,
1990) then the hawthorn fits within the range of this
dataset. No published tensile strength data exists for
hawthorn, although the unpublished value of 15 MPa
(Norris, J. unpublished data) also agrees. However,
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the published value of the root tensile strength of oak
(Quercus robur), i.e., 32 MPa (from Schiechtl, 1980)
indicates a discrepancy in the results. This discrepancy
is most likely to occur because of the range of root
diameters tested, the age of the trees tested and also
that pull-out failure stress has lower values than tensile
strengths.

There is minimal variation in root pull-out resis-
tance of upslope and downslope hawthorn roots. Up-
slope roots with root diameters of 7-24 mm, had a
mean pull-out resistance of 8.1 £+ 2.6 MPa, whereas
downslope roots with root diameters of 848 mm had
a mean pull-out resistance of 8.2 £ 5.6 MPa. Schiechtl
(1980) suggested roots are stronger (have greater ten-
sile strengths) in the uphill direction. This observation
was based on roots of alder (4/nus incana, A. japon-
ica) and pine (Pinus densiflora). However, differences
in the tensile strengths of the upslope and downslope
roots are relatively small and no statistical information
is provided to guarantee that this assumption is signif-
icantly different.

Root orientation

Root growth in hawthorn is preferentially orientated in
the lateral (across) and downslope directions with very
few hawthorn roots present in the upslope direction
(150°) (Figure 3a). This pattern of root distribution in
the hawthorn may be due to the location of the hawthorn
trees on the cut-slope or it maybe an inherent anchor-
ing mechanism for growth on slopes. All the hawthorn
trees were situated on the upper part of the cut-slope in
the densely vegetated area of mature trees, within close
proximity (approximately 1 m) of the other trees. Com-
petition for space for root growth and the availability
of nutrients and moisture would be at a premium in this
environment.

The one oak sapling investigated shows an asym-
metric root growth distribution, with a slight tendency
for more root growth in the upslope direction, this is in
partial agreement with Chiatante et al. (2003). These
authors found that roots on steep slopes are preferen-
tially orientated in the up-slope and down-slope direc-
tions so that the plant’s stability is increased. The oak
sapling was situated on the lower part of the cut-slope
within the immature vegetation cover dominated by
grasses. The sapling in this environment would have
less competition for nutrients and moisture so would
therefore develop a root system that would ensure its
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optimum root network for growth, food requirements
and stability. Detailed conclusions regarding root archi-
tecture cannot be drawn as only one oak tree has been
studied.

Modes of failure

The three types of failure modes of the hawthorn roots
can be related to different root—soil relationships. The
roots which have no branches tend to fail in tension and
pull straight out of the ground with minimal resistance
(Type A; Figure 4). The root reaches its maximum pull-
out resistance then fails suddenly at a weak point along
its length. Weak points may be at a node or branch.
The gradual tapering of roots (decrease in root diame-
ter along its length) in the ground means that as the root
is pulled out, the root is moving through cavity space
larger than its diameter so subsequently has no further
bond or interaction with the surrounding soil.

Roots that have multiple branches or forked branches
(Type B) also have a tensile failure but tend to fail
in stages as each branch breaks within the soil. These
types of roots either break with increasing applied force
in steps or initially reach their maximum peak resis-
tance then maintain a high resistance which gradually
reduces as the root branches fail after considerable
strain. In some tests, significant adhesion between a
section of the root and the soil can be measured before
the root finally slips out of the soil mass. Forked roots
resist failure as the increased root diameter at the point
of the fork is larger than the root diameter above the
fork, therefore more force is required to pull the root
out of the soil, i.e., to pull a larger object through a sub-
stance that can be deformed. The clay soil was often
uplifted and displaced during pull-out testing of forked
roots.

Multiple branched root failure (Type C; Figure 4)
in the form of stepped peaks corresponded to roots
of greater diameters breaking sequentially. The root
gradually releases its bonds with the soil until the final
tensile failure.

In some cases, when the root is of a sinusoidal na-
ture and has many small diameter rootlets along its
length. The root reaches its maximum pull-out resis-
tance on straightening and fails at its weakest point;
however in this case, it does not fail suddenly and pull
straight out of the ground, it adheres and interacts with
the soil producing a residual strength. If the pulling was
stopped at this point, the root would provide additional



strength to the soil. Since the root is pulled completely
out of the ground, there is no further interaction with the
soil (Greenwood et al., 2004; Norris and Greenwood,
2003b).

The oak roots, although pulled out using a man-
ual root pull method, can mainly be classified as
Type A failure, with long straight roots. Some multiple
branched roots could be classified as Type B failure
showing residual strength after the peak failure stress
was achieved.

These modes of failures (Types A, B and C) are based
on the shape of the failure curve and root morphology.
In some cases, the shape of the failure curve may not
be that distinct and relating branch failure points to
drops in resistance is not straightforward, as proven
by the non-significant relationship between number of
branches and pull-out failure stress.

Dupuy et al. (2004) numerically modelled non-
branching and branching root systems. These authors
found that single non-branching roots have less effec-
tive resistance than branching root systems. When aver-
age pull-out resistances were determined for the three
failure types (Type A (single roots): 3.3 kN, Type B
(forked roots) — 2.8 kN and Type C (multiple branches)
—1.38 kN) the opposite correlation seems to apply. This
difference may be due to the fixed arrangement of the
root system branches in Dupuy et al.’s (2004) models
which do not represent the type of morphologies and
variation in root diamters as observed in the hawthorn
roots. Some of the hawthorn roots classified as single
branched roots had thin (approximately 1 mm in di-
ameter) short root(-lets) occurring along their length.
These rootlets would not necessarily be classed as a ma-
jor subdivision or branch but would marginally affect
the pull-out resistance of a single root.

The use of the hawthorn and oak for root reinforce-
ment on highway slopes is questionable. The shallow
rooting nature (0.5 m) of the hawthorn on this site does
not lend itself to be used as a tree suitable for stabilis-
ing slopes that are prone to failing at depths of 1-1.5 m
(Greenwood et al., 1985; Perry et al., 2003a,b). Al-
though on other sites where root penetration to depths
may be encouraged and not prevented by stiff clay or
perched water tables, the hawthorn may, in conjunc-
tion with other species, form a suitable bioengineering
solution. The English Oak is a slow growing tree, so
would not be a suitable species for planting for imme-
diate short term stability. However, when planted with
other species that are quick growing and have only say

a lifespan of 3040 years, the oak would just be becom-
ing established since it has a life expectancy of between
300 and 400 years (Miles, 1999).

The results presented in this paper are based on a
small number of trees and on one soil type only. It is
essential that more detailed investigations should be
carried out to determine the relationship between root
pull-out resistance and tensile strength of roots as deter-
mined by laboratory experiments. To validate the obser-
vations of the relationships between root morphology
and mode of failure more experimental testing on other
types of soils, trees and in other environmental settings
must be carried out. The additional data obtained would
increase the confidence in the value of shrubs and trees
used in geotechnical engineering applications.
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Abstract

The roots of trees provide an important contribution towards the stability of hill slopes. Tree roots in the soil act very
similarly to steel fibers in reinforced concrete and provide resistance to shear and tensile forces induced in the soil.
In addition, the roots also absorb water from the soil, which reduces moisture content, again helping to increase the
stability of the slope. As Iran has a long history of landslides, our research deals with the effect of tree roots on slope
stability, in particular, the following species which are of economic and environmental interest: tea (Thea sinensis
L.), citrus (Citrus spp.), lilaki (Gleditshia caspica Dsf.) and angili (Parrotia persica D.C.) (Mosadegh, 1996). The
study was carried out in Roudsar Township in Gilan State of Iran. Of the overall surface area of 1800 ha, 288 ha were
considered suitable for the purposes of this study. A large part of the area had slopes of steep gradients on which
natural vegetation was present. Other parts of the same area have been cleared and planted with tea and citrus crops.
Soil samples were taken from an area of approximately 70 ha for testing in the laboratory. Direct shear tests were
carried out on soil samples and the factor of safety (FOS) calculated. Results showed that the FOS was increased in
soils with tree roots present. The global slope FOS was then determined using Bishop’s method. We calculated the
FOS in order to protect slopes where the gradient exceeds 25%. In this case study, the minimum FOS was assumed
to be 1.3, which corresponds to e.g. Parrotia sp. vegetation with 40-60% crown cover, a soil internal friction angle
of 15° and a slope angle of 21°. When soil internal friction angle equals 15° and slope angle is >31°, slope stability
cannot be increased by any vegetation species.

Introduction to recover some of the damages caused by landslides,
and where it has been possible, it has been at a high

Due to the increase in the world population over recent financial cost.

years, the exploitation of renewable natural resources
has increased dramatically. One of the effects of this
increase has been the destruction of some of the world’s
forests, and this has been particularly noticeable over
the last 10 years (Baher, 1994). Natural disasters, such
as floods, droughts and a rise in sea levels have also had
an effect on the life condition of many people. Iran has a
long history of landslides, which have caused a major
loss of life along with damage to infrastructure and
agricultural land (Baher, 1994). It has been impossible

* E-mail: ghhabibi@jiaushab.ac.ir

The main reason for the high number of landslides
in Iran is as a result of a particular combination of ge-
ology, topography and climate. Furthermore, the cause
of landslides may be due to geomorphological phe-
nomena combined with other factors such as climate
variations, vegetation cover, geology and the tectonic
situation (Ahmadi, 1993). Gilan province in the north
of Iran is susceptible to landslides, however, because
of the unusual topographical and geological condi-
tions in this Province, it may be possible to prevent
landslides with relatively little expense and labour.
Therefore, research about slope stability in this region

Stokes et al. (eds), Eco- and Ground Bio-Engineering: The Use of Vegetation to Improve Slope Stability, 73-79.
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would be of particular interest to local stakeholders and
farmers.

Vegetation has long been considered to improve
slope stability (Terwilliger, 1990), therefore the in-
fluence of different species on the soil reinforcement
of slopes can be studied using different methods.
Measurements of soil shear strength provide an in-
dicator of the contribution of roots to slope stability,
when combined with calculations of the slope’s fac-
tor of safety (FOS). The formula used to calculate the
FOS of the critical landslide surface has been defined
by (Terwilliger, 1990):

il sh t
Safety factor (FOS) = soil shear stress

(1

soil shear resistance

However, the contribution of plant roots to soil shear
still needs much research, and much work also needs
to be carried out on the suitability of different species
for stabilizing slopes.

Materials and methods

The study area is located in the east of Gilan Province
in Iran and is part of the Rahimabad District of Roud-
sar Township. In Gilan province, the bedrock is well-
bedded grey limestone and muddy limestone from the
Precambrian period. Muddy limestone is a particular
geological feature which causes landslides. Ground-
water is seasonal from middle October to end May
and is about 2.5-m deep (Geological Survey of Iran,
1975). The site is located north of Mohamad Dola-
gavabar, south of Slakjan, east of Goldhast and west of
Bozkoyeh villages. The total surface area is about 1800
ha, of which 288 ha were selected as being suitable for
this study. A large part of the study area has hillsides of
steep gradients, with natural vegetation cover. In other
areas, tea (Thea sinensis L.) plantations and citrus (Cit-
rus spp.) orchards have been established. This planting
of crop species has caused instability of the steep slopes
and landslides occur mainly in these areas.

We divided the study area into A, B, C and D dis-
tricts, in which A represents district with tea and citrus
vegetation ground cover, B represents lilaki (Gledit-
shia caspica Dsf.), Crepresents angili (Parrotia persica
D.C.) and D represents tea vegetation only. Twenty trial
circular pits 0.9 min in diameter and 1.5 m in depth were
excavated with hand on a slope where no landslides
had occurred, in order to quantify the contribution of
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vegetation to soil reinforcement. The numbers of roots,
with diameters in classes of 0.1-3.9, 4.0-7.9 and 8-10
mm were counted. Tensile testing of roots was carried
out in the laboratory. Ninety soil samples with 0.2 m
diameter and 0.3 m length were taken from 70 ha out-
side of the landslide area on which laboratory tests were
carried out to determine soil mechanical characteristics
(Table 1). Triaxial tests were carried out on soil sam-
ples without roots in the laboratory (Baher, 1994). Pore
pressure was distinguished by triaxial tests on soil sam-
ple. Laboratory shear tests with 0.1 x 0.1 x 0.1 m size
box were carried out without roots using the American
Standard method. The following equation was used to
determine the increase in shear strength of soils (ASR)
containing plant roots (Morgan, 1995):

AR
ASR = 1.15TRK 2)

where TR = tensile resistance (kPa) of the root, AR =
total surface area (mm?) of roots in A, A = soil surface
area (m?), and 1.15 is a coefficient (Baher, 1994).
Global slope stability was calculated using the
Bishop method of analysis (Behniya, 1993; Benda and
Zhang, 1990). A computer software version of this
method (in Excel software) was developed by the au-
thor for calculation purposes. The FOS is calculated
from:

L
FOS = ——
> wsina
/ sec o
<3 |:{cb+(W —ub)tan'} {7¢H
L+ ~Fos
(3)
where

FOS = safety factor,

o = angle of surface with horizon (°),

w = weight of soil on the slope (kN),

¢’ = cohesion of soil (kN/m?),

L = length of slope (m),

u = pore pressure (kN/m?),

b = width of area (m)

¢ = angle of internal friction (°).
The FOS models were run to determine the influence of
different species on slope stability and soil reinforce-
ment with two angles of internal friction, with and with-
out roots (°). On the basis of the amount of ASR, it is
possible to calculate the angle of internal friction of soil



Table 1. Soil properties in different slopes and areas

Slope Area  Species b u & ¢ a / h 0 FOS;, d n TR ¢} FOS, AR/A
10 1 501

1 C Parrotia sp. 25 04 253 03 319 15 35 145 1.0 8 30 558 366 1.6 0.21
4 41 591
10 1 501

2 C Parrotia sp. 20 03 264 02 293 15 3 1.5 1.1 8 32 558 389 1.8 0.22
4 39 591
10 — 501

3 B Gleditshia sp. 15 03 229 02 202 15 35 155 13 8 15 558 257 15 0.1
4 24 591
10 — 501

4 B Gleditshia sp. 12 04 238 03 248 15 2 1.88 1.9 8 16 558 286 14 0.11
4 23 591
10 — 501

5 D Tea 70 04 235 03 171 15 35 15 1.0 8 11 558 251 1.2 0.08
4 24 591
10 — 501

6 D Tea 45 03 212 02 265 15 3 1.5 0.9 8 14 558 233 1.1 0.1
4 23 591
10 — 501

7 D Tea 50 03 187 03 235 20 25 15 0.9 8 13 558 212 1.1 0.09
4 21 591

b = width of area (m); u = pore pressure (kN/m?); ¢ = angle of internal friction without vegetation (°); ¢’ = cohesion of soil (KN/m?); o =
angle of surface (°); / = length of slope (m); # = depth of soil (m); p = density of soil; FOS;| = safety factor without vegetation; d = diameter
of roots (mm); n = number of roots per m?>; TR = tensile resistance of the root (kPa); ¢’2 = angle of internal friction with vegetation (°);
FOS, = safety factor without vegetation; AR/4 = relation between total surface area (mm?) of roots and soil surface (m?).

(¢’2) and safety factor (FOS) with (FOS;) or without
(FOS)) plant roots.

From ASR (additional soil resistance with roots) can
be used to calculate the angle of internal friction with
roots in soil (¢,”) with (Baher, 1994)

SR + ASR — ¢

tan ¢, = bl

“4)
where

¢)’2 = angle of internal friction with roots (°),

SR = soil resistance (kN/m?),

ASR = additional soil resistance with roots (kN/m?),

h = depth of soil (m),

b = width of area (m),

£ = length of slope (m),

p = density of soil (kg/m?)

¢’ = cohesion of soil (kN/m?).

Results

FOSI (safety factor without vegetation) was calculated
with soil properties (u, qb’l, ¢’ and p) and area charac-

teristics (b, «, / and h) using Equation 1. Additional
soil resistance with roots (ASR) was calculated using
Equation 2, and angle of internal friction without veg-
etation (¢,) was then calculated. FOS2 (safety factor
without vegetation) was calculated with soil properties
(u, qﬁ/z, ¢, and p) and area characteristics (b, o, [ and
h) using Equation 1 (Table 1).

The relationship between the angle of internal fric-
tion (¢’) and FOS of soil without roots (FOS1) was
calculated for slope angles 15, 18, 23, 27, 30 and 33°
(Figure 1). The relationship between angle of inter-
nal friction (¢') and FOS of soil with different ground
covers of tea vegetation (FOS2) was calculated for a
slope angle of 15° (Figure 2). The relationship be-
tween angle of internal friction (¢') and FOS of soil
with different ground covers of Parrotia sp. (FOS2)
was shown for a slope angle of 15° (Figure 3). The ef-
fect of different roots of 20-40% vegetation on FOS2
was compared with FOS; at a slope angle of 15°
(Figure 4). The effect of different slopes (18, 23, 27,
30 and 33°) on FOS, was compared with FOS1 roots
of Parrotia sp vegetation with ground cover above 60%

75



Table 2. Stability of slopes with regard to the angle of internal friction of the soil, angle of the slope and percentage vegetation cover

o

Sp. 15° 18° 21° 23° 27° 30° 33°

15° Tea 20-40% 8] 0] U U 10) 8]
Tea-citrus <20% 20-40% U u 6] U 6]
Parrotia sp. <20% <20% 40-60% 40-60% 40-60% U U
Gleditshia sp. 20-40% >60% 6] u U U 6]

16° Tea S 20-40% 6] 6] 6] 18] 6]
Tea-citrus S <20% 40-60% U U U U
Parrotia sp. S <20% 40-60% 40-60% 40-60% >60% 6]
Gleditshia sp. S 20-40% U U 8] U U

17° Tea S S 40-60% U 6] U 8]
Tea-citrus S S 40-60% u U 6] 8]
Parrotia sp. S S 20-40% 40-60% 40-60% >60% U
Gleditshia sp. S S 6] u U u 6]

18° Tea S S 6] 6] 6] U U
Tea-citrus S S 20-40% 40-60% 6] 10) 8]
Parrotia sp. S S <20% 20-40% 40-60% 40-60% >60%
Gleditshia sp. S S >60% U 8] U U

19° Tea S S 0] U 6] U 6]
Tea-citrus S S 20-40% 40-60% 6] U 6]
Parrotia sp. S S <20% 20-40% 40-60% 40-60% >60%
Gleditshia sp. S S 40-60% u 6] U 6]

20° Tea S S 40-60% 6] 6] U 8]
Tea-citrus S S 20-40% 20-40% >60% U 8]
Parrotia sp. S S <20% <20% 40-60% 40-60% >60%
Gleditshia sp. S S 20-40% 40-60% U U U

21° Tea S S 20-40% >60% U U U
Tea-citrus S S <20% 20-40% 40-60% U 6]
Parrotia sp. S S <20% <20% 20-40% 40-60% 40-60%
Gleditshia sp. S S 20-40% 40-60% 6] U 6]

22° Tea S S S 40-60% 6] U 8]
Tea-citrus S S S <20% 40-60% 8] U
Parrotia sp. S S S <20% 20-40% 40-60% 40-60%
Gleditshia sp. S S S 20-40% U U U

23° Tea S S S 20-40% 6] U 8]
Tea-citrus S S S <20% 20-40% 40-60% U
Parrotia sp. S S S <20% <20% 20-40% 40-60%
Gleditshia sp. S S S <20% >60% U 6]

24° Tea S S S S >60% U 8]
Tea-citrus S S S S 20-40% 40-60% >60%
Parrotia sp. S S S S <20% 20-40% 40-60%
Gleditshia sp. S S S S 40-60% U U

25° Tea S S S S 6] U 6]
Tea-citrus S S S S 20-40% 20-40% 40-60%
Parrotia sp. S S S S <20% <20% 20-40%
Gleditshia sp. S S S S U u 6]

26° Tea S S S S 20-40% >60% 6]
Tea-citrus S S S S <20% 20-40% 40-60%
Parrotia sp. S S S S <20% <20% <20%
Gleditshia sp. S S S S <20% 40-60% >60%

¢ = angle of internal friction of soil 15-26°; Sp. = gpecies of vegetation, & = angle of slope (15, 18, 21, 23, 27, 30, or 33°); S = Stable;
U = unstable with any type of vegetation.
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Figure 1. Calculated safety factor of soil without vegetation cover on different slope angles.
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Figure 5. Calculated safety factor of soil with Parrotia sp. plants on slopes with crown cover >60% at different slope angles.

(Figure 5). Finally, the least ground cover of different
types of vegetation that could stabilize soil on slope
with different internal friction angles (¢') and differ-
ent angles of surface from the horizon is shown in
Table 2.

Conclusion

We carried out a study to determine which forest and
crop species provided the best reinforcement to slopes
in the Gilan province. Soil shear tests were carried out
on samples with and without roots of different woody
species and the slope FOS calculated. Although there
are several factors which may affect slope stability and
lead to landslides in the study area, it is clear that the
main factor is the removal of the natural forest cover of
the slopes, to create tea plantations and citrus orchards.
In order to increase the FOS of slopes in this area with
gradients more than 25%, the least FOS with regard to
the angle of internal friction of soils (¢), the gradient
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of the slope («) and for different vegetation covers is
given in Table 2. It was concluded that soil can be sta-
bilized with tea, tea-citrus, Parrotia sp. and Gledishia
sp. on soils with an internal friction angle >16° and a
slope angle of 17-18°. When soil internal friction an-
gle equals 15° and slope angle is >31°, slope stability
cannot be increased by any plant species. Nevertheless,
other factors which may also play a part in slope sta-
bility e.g. soil moisture content, weight of soil mass
and vegetation cover, internal adhesion of soil parti-
cles, wind loading on soil and vegetation, location of
underground water table and earthquake and tectonic
forces were not considered in this study.
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Reinforcement of tree roots in slope stability: A case study from the Ozawa
slope in Iwate Prefecture, Japan

H. Nakamura'*, Q.M. Nghiem? & N. Iwasa?

'Graduate School of Agriculture, Tokyo University of Agriculture and Technology, Tokyo, Fuchu-shi, Saiwai
cho 3-5-8, 183-0054, Japan. 2Nippon Steel Metal Products Co. Ltd., Tokyo, Koto-ku 17-12-2, 135-0042, Japan.
3 Corresponding author*

Key words: landslide, root reinforcement, safety factor, slope stability

Abstract

The effect of root reinforcement on slope stability has been well researched through empirical studies, but to date
few mechanistic studies have examined the influence of tree roots on slope stability. Furthermore, the previous
research has lacked consideration of the effect of landslide displacement on root reinforcement. This paper will
analyze the influence of root reinforcement on safety factors (Fs) as a function of slope displacement. A model of a
root system as a cluster of straight bars inserted from unstable soil into bedrock is used to reliably estimate increases
in the shear resistance of the soil. The relationship between root reinforcement and lateral displacement is analyzed
under two conditions: ultimate stress and pullout resistance of root fibers. The species used in the present research
was the Japanese cedar (Cryptomeria japonica (L.f.) D. Don.), the most common tree species in Japan. The spatial
distribution of root size and root inclination was taken from field experiments performed by Japan Sabo Technical
Center in 1998. The reinforcement capacity of root fibers is considered as a function of the horizontal displacement
of the landslide and the depth of the slip surface. By combining the data obtained from field experiments with a
calculation model of inclined roots, this paper analyzes the Ozawa slope safety factor. Thus, root reinforcement and
the slope safety factor were calculated for various displacements in the process of landslide movement.

Materials and methods
Research site

Japan maintains approximately 25 million hectares of
forest, 66.4% of the nation’s entire surface area. The
forest is concentrated in mountainous areas and hilly
terrain, covering about 75% of the nation’s land area
(Statistical Handbook of Japan, 2004). The mountains
are generally steep with intricately carved ravines. Due
to unstable slopes, landslide related natural disasters
annually result in serious loss of life and economic
damages. Because the mountainous area was mostly
forested as mentioned above, research work on land-
slides needs to consider the influences of root rein-

* E-mail: hnaka@cc.tuat.ac.jp

forcement (Abe and Iwamoto, 1990; Endo and Tsuruta,
1969; Gray and Sotir, 1996).

The properties and distribution of roots used in
this paper are taken from a number of previous field
experiments (Abe, 1992; Abe and Iwamoto 1986,
Tsukamoto, 1987) in combination with one remarkable
experiment (Sabo Technical Center, 1997) performed
at the research site location in Ozawa District, Iwate
Prefecture, Japan (Figure 1). In our study, the rein-
forcement of tree roots classified by inclination and
diameter (called inclined roots) is considered as a
function of both the horizontal displacement and the
depth of a landslide (Nghiem et al., 2001).

Field experiment and 2-D model of tree roots

Two cedar trees (A and B in Figure 1) were cut and care-
fully excavated to determine the distribution of roots.

Stokes et al. (eds), Eco- and Ground Bio-Engineering: The Use of Vegetation to Improve Slope Stability, 81-90.

© 2007. Springer.
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Iwate prefecture

: b) Photograph of the Ozawa slope 4%

¢) Contour map of the Ozawa slope =——

Figure 1. Cedars on Ozawa slope of research site.

Root diameter and direction were measured at each 0.1
m depths of the slope. The root distribution of cedar A
is shown in Figure 2.

Considering the resistance force of an inclined root
in alandslide, the component of the force perpendicular
to the direction of landslide movement has a negligible
influence on the landslide. Therefore, the spatial distri-
bution of roots can be projected in a 2-D cross section
of a sliding slope (Nakamura and Nghiem, 2002). The
distribution of tree roots is generally very complicated
and depends on many conditions such as the proper-
ties of the soil, species, age of forest, and other factors.
Cedar roots usually taper with length. The diameter of

‘mr part of slope i

Upper part

each main root fiber is much larger than the diameters
of the branch roots (Figure 3). The tree roots also run
in random directions following various inclined angles
(see Figure 2). In this simplified model, each root fiber
is assumed to have a constant diameter along its length
computed by taking the average diameter of its two
ends. All of the tree roots are modeled as straight fibers
(vertical and inclined fibers). In most cases, the length
and depth of the roots in the fiber model measured from
ground surface to the point at which roots were broken.
The root distributions are described by two factors: size
and inclination. Size of the root fibers is classified into
diameters of 12.5, 15, 25, and 50 mm (Figure 4). Roots

Q,Q/c‘f/
N h‘"’g
\ ﬁ;

25
% :jr
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A
m.
0 cm
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=]
3

!B

= e (A

! e

Lower part

Figure 2. Model of root—Case A.
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Figure 3. Root fibers—Case A.

inclined in the direction of the landslide are classified
into 40°, 55°, 70°, and 80° and roots inclined against
the direction of the landslide are classified into —40°,
—55°, —=70°, and —80°.

Root behavior in shear zone

By considering the equilibrium condition between
pressure of sliding soil acting on a root body and reac-
tion of the root in the horizontal and vertical directions
(Figure 5), Egs. (1) and (2) are formed respectively
(Nghiem et al., 2003):

d*y d*y
EI,'— Ei P — ,-sin =Px.— 1
dx4+ $i(s = pisine) Tdx? M
P, = Es; / (yi cotana — p; cosa) dx 2)
0
Root length and root depth
600
500 2

y =48.582x - 4.4205
R? =0.9432

e

A Root Length
O Root Depth

y=50.393x - 32.872
R2 =0.9074

N
o
S

n
o
o

Length, Depth (cm)
w
8

—

o

o
L

T T T 1

1 3 5 7 9 11
Root diameter on ground surface (cm)

Figure 4. Distribution of roots.

where « is inclination of the root and the ith soil layer
is Young’s modulus Es;, displacement p;, deflection y;,
and axial force P,;. EI; is the stiffness of root, E is
Young’s modulus, and / is bending stiffness of root.

A fourth order differential Eq. (1) is the govern-
ing equation of deflected root fibers (Nakamura, 1987,
1990; Poulos, 1995). The theoretical solutions of Eq.
(1) are four values of root deflection, deflection angle,
bending moment, and shear force as follows:

yi = e™[C); cos(ax;) + Co sin(ax;)]
+ e [C3; cos(ax;) 4+ Cy sin(ax;)]

dy; dzyi
dx =0y, Eld_iz = —Mx;, (3

a3y,

EIZ2 = _Hy,
dx;

Ground

1 Es, P,y Xi
1
i+ Eq, pis yi, Xi

N\ Slip surface
n 3 Esn, Pn> Yn, Xn

Figure 5. Deflected root.
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where
b= Reos(8). a=Rsn(5). 2= (F5).
and

cos(p) =

2EIR

0yi, M,; and H,; are deflection angle, bending moment
and shear force at ith layer respectively.
Eq. (3) can be rewritten in matrix form.

Yx Ve Vio Viz Vs G p
o | | v e e e C, N 0
M. (" vy o G, 0
H, Vai e e Vi Cy 0
“4)

Here, matrix [ V'] is the matrix of coefficient of functions
in Eq. (3). {C} is a vector of integral coefficients. At
head (x = 0 or ground surface), the boundary values
are

Yx = Yo, 9x = 90’ Mx = Mm and Hx = Ho-

Substituting these values into Eq. (4), the solution
leads to the integral coefficients in Eq. (5).

Cy Ay A A Au Yo
Cy| | A Ax Ay A 6,
G~ - o M,
C, Ay - o Ay H,
Uy
U,
1y ®)
Us

[4] and {U} are the matrix and vector of coefficients
respectively. We find the vector {C} by solving Eq. (5)
with four known conditions. Moment and shear force
at the head of root are two boundary conditions. Simi-
larly, either deflection and deflection angle or bending
moment and shear force at the end of root are the other
two known boundary conditions. In the case of an infi-
nite root, deflection and deflection angle at the end of
root are zero while in the case of a finite root bending

84

moment and shear force are zero. The combination of
Egs. (4) and (5) leads to Eq. (6):

Vx Vi Vo Vs Vi

O | |V Vo Vs PV

M, (T o

H, Vil e e Vi
Ay A A Au Yo U,
Ay Ay Ay Axn 0, U,

x M, (TP U

Ay oo e Au H, U,
p
0

1o (6)
0

Substituting C into Eq. (4), we have y,, 6, M,,
and H,. These values will be substituted back to Eq.
(5) as new values of y,, 8,, M, and H,. Each seg-
ment of the root in one soil layer has four values of de-
flection, deflection angle, bending moment, and shear
force at two ends (called deflection vector of root).
When repeating the computation, the deflection vec-
tor at the lower end of a given root segment is equal
to the initial deflection vector at the head of the next
segment.

By using the model of inclined roots in Figure 5,
we have bending moment, shear force, and axial force
of tree roots (see Figure 6). The behavior of tree roots
in Figure 6 contributes to reinforcement R, pullout
resistance P,, and normal stress o,. These parame-
ters are used to determine the reinforcement capacity
of tree root and are discussed in the next section of

paper.

Reinforcement

The reinforcement of the tree root is basically calcu-
lated as the resultant of shear component and friction
force on the slip surface (Waldron, 1977; Wu et al.,
1979; Ziemer, 1981):

R.=H+ Ptan¢ @)

where R, is reinforcement of the root, ¢ angle of inter-
nal friction, P axial force of root fiber (vertical compo-
nent of reinforcement), and H shear force of root fiber
(horizontal component).
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Figure 6. Behavior of cedar roots of Ozawa slope (horizontal displacement = 1 cm).

Pullout resistance
The pullout resistance of a tree root fiber is equal to the
skin friction between a root fiber and soil:
P,=k-mw-d-L, ®)
where P, pullout resistance, k coefficient of skin
friction between root fiber and soil (k = 48 kPa for
Japanese cedar roots), and L, length ofa tree root under
slip surface. The displacement of soil is called pullout

displacement if the axial force of a root equals pullout
resistance P, = P,.

Ultimate condition of broken roots
The normal stress of roots is calculated by the basic

Eq. (9)

P M

o, = — =%
F W

©))
where o, normal stress, P axial force, I area of cross
section, M bending moment, and # bending stiffness.
o, i1s compared with ultimate stress to determine the
breakage of roots. The displacement of soil is called

ultimate displacement if normal stress of root equals to
ultimate stress (yield or permission stress).

Reinforcement capacity of tree roots

The reinforcement capacity of root fibers is determined
based on the ultimate condition and pullout resistance
(Nghiem et al., 2004). At the given horizontal displace-
ment, if a tree root is broken but yet not pulled out,
ultimate displacement is smaller than pullout displace-
ment and thus the reinforcement capacity depends on
ultimate displacement. Conversely, when a root fiber
is pulled out while it is not broken, the reinforcement

capacity depends on pullout displacement of the root
fiber.

Another assumption is the reinforcement of a bro-
ken root fiber will equal zero or the reinforcement of
pullout root will be constant even if displacement of
the unstable soil continues to increase. Figure 7 shows
the calculated results of the reinforcement of a cedar
root with respect to different depths of slip surface. A
displacement of 8.5 mm is the maximum for cedar at
the Ozawa slope. For greater displacement, root fibers
will be pulled out or broken. Thus, root reinforcement
will decrease.

Safety factor of slope considering root reinforcement

The maximum shear strength of soil (S) follows
Coulomb’s law:

S=c+otan¢ (10)
15 ———Displacement 2 mm
= = === Displacement 4 mm
2 0 S - = = «Displacement 6 mm
T \ Displacement 8.5 mm
qé — - — - -Displacement 8.6 mm
9 i
8 *“.\.. ’ \
‘o' T~V =, -
€ 6 T~. T,
5 \\____ s’\.__~—.——-.
- — -"§‘~~‘
3 — ==
<]
o
0 T T :
0.5 1 1.5 2

Depth of slip surface (m)

Figure 7. Reinforcement capacity as function of displacement and
depth of slip surface.
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where ¢ effective unit cohesion, o effective normal
stress on the surface of rupture.

This shear strength is compared with mobilized shear
strength 7 to determine the stability of soil as follows

F=2 (11)

where Fj is the factor of safety.
In case of soil reinforced by tree roots, Eq. (10)
becomes:

S(RC) =c+otan¢ + AS(RE) (12)

where AS(g,) increment of soil cohesion by root rein-
forcement. This additional cohesion is a function de-
pending on the displacement, depth of landslide, and
distribution of root fibers in the soil.

The cohesion of rooted soil c(g,) = ¢ + AS(z,) gives
the equation:

S(r) = C(r,) + 0 tane (13)

where : ¢(r,) is cohesion of rooted soil, a function of
horizontal displacement, depth of slip surface, and dis-
tribution of root fibers in the soil.

Figure 8 shows one slice of an infinite slope at an
angle of «; to the horizontal. The element ABDC of
unit width wherein AC is parallel to BD has weight W,
and has a vertical force acting on AC.

W =W+ W, =y (H—h)cosa; + yrhcosay (14)

where Wy, y; weight and unit weight of unsaturated
soil, W,, y, weight and unit weight of saturated soil,
«; inclined angle of slope, and H and % depth of slip
surface and height of ground water level.

Figure 8. Stability analysis of infinite slope.
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The magnitude of the normal stress o on the AC is

(W1 + Wy)cosay — U
o =
AC

(15)

where U pore-pressure at AC.
The shear stress 7, on AC is expressed as Eq. (16).

. = W+ W) sin«a

o AC (16)

If resistance is mobilized on AC, substituting o and 7,
into Eq. (11), we have

F

2 UMW+ Wy)cosay — Ul tan ¢ + (¢ + ASir,))!]
B AW+ Wa)sinay)

a7
where / is the length of slip surface.
Rewriting Eq. (17), we have:
R Sry!
Fo= Rt 2 S (18)
Dy

where D driving force and R resisting force. Using
Figure 7 and Eq. (18) we will analyze the influence of
root reinforcement on slope stability.

Results and discussion
Influence of tree roots on slope stabilization

To understand the effect of root reinforcement on slope
stability, we calculated the F; for a slope in Ozawa
(Iwate prefecture, Japan). The soil properties and cross
section of the Ozawa slope are shown in Table 1 and
Figure 9. Cedars A and B (Figure 1) are 16-20 years
old and have an average weight equivalent to 3 kN.
The intervals between the cedar trees are assumed to
be 4 m. The length of the slip surface is about 20 m

Table 1. Properties of slopes

Y1 Unit weight of unsaturated soil 14 kN/m?
V2 Unit weight of saturated soil 17 kN/m?3
C Cohesion of soil 5.50 kN/m?
] Angle of internal friction 30°
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Figure 9. Cross section of Ozawa slope.

(Figure 9), thus there are five trees on the slope. The
depth of cedar roots is assumed to be less than 3 m.
At the beginning of the study, the conditions in
Table 1 maintain F; of slope >1. If for some reason
e.g. rainfall or erosion, F; becomes smaller than 1, the

slope is destabilized and the horizontal displacement
of the landslide will increase. In case of a slope slid-
ing shorter than the ultimate displacement 8.5 mm, a
larger horizontal displacement results in greater root re-
inforcement (Figure 7). This reinforcement minimizes
the landslide. Horizontal displacement increases un-
til F; of the slope returns to 1 and the slope becomes
stable. At the maximum displacement /Ad, if the slope
properties are restored to the initial conditions in Table
1, i.e. no rain fall or no erosion, the safety factor of the
slope will be greater than the initial value. When this
happens, Eq. (19) calculates the factor of safety:

RY, ASpay! ASuay!
Fs:D—{)er D((}’ > 1+ D((}) (19)

where Rgr and Dg- resisting force and driving force
of slope at beginning (horizontal displacement = 0),
ASpg) cohesion of rooted soil at maximum
horizontal displacement, hd: maximum horizontal
displacement.

The steps and results of the slope stability analysis
are shown in Figure 10. An increase in the ground water

F.=F,=R% /D%

Rainfall, ground water P
level increase: h=h"+dh [~
F, = temporal Fs

A

F,<1.0

| »

True

displacement increase.

Slope unstable, horizontal

Y

F, increase

Root reinforcement increase

@@@

0 0 A 0 Ground water level returns
Fs =R’/ D’ + A8go.// Dy 2 1.0 initial level. h—» h

Calculation of Re,
displacement Ax
when F,= 1.0

v

Figure 10. Landslide development of slope with root reinforcement, where # is height of ground water level, 10 is h at start time, dh is increase

of h, F,, is factor of safety when height of ground water level is & > 7°.

87



25 4
20 4
—
N
£
~
15 4
=
3
=
10 4
/I Driving force without root reinforcement, h = 0.5m
/ Registing force without root h = 0.5m \

4.00 6.00

/
S q----y ' — — — — Registing force without root reinforcement, h = 0
Driving force without root reinforcement, h = 0
i T
0 t t

8.00

10.00 12.00 14.00 16.00 18.00

Distance along slip surface (m)

Figure 11. Distribution of driving and resisting force on slip surface without roots Ozawa slope.

level caused slope instability. Figure 11 shows the in-
fluence of groundwater level on the distribution of re-
sisting and driving forces on the slip surface. The thin
lines represent the driving force and resisting force of
the slope at initial groundwater level (4 = 0) whilst
thick lines represent the driving force and resisting
force of the slope at groundwater level 2z = 0.5. When
the groundwater level increases, the normal weight
component of the soil mass is reduced by pore pres-
sure whilst the tangent component increases due to the
effect of saturated soil. In another conclusion, the driv-
ing force increases and the resisting force decreases in
accordance with the increment of groundwater level.
As a result, the F of the slope decreases from 1.026
(at initial groundwater level 27 = 0) to 1.

In Figure 9, we can see that the deeper depths of
the landslide are concentrated at the center and that
they are reduced at the top and bottom of the cross
section of the slope. Tree roots are distributed up to
depths shallower than 3 m. That means that tree root
reinforcement has an influence only at the top and the
bottom of the landslide.

In Figure 12, the ground water level is assumed to
rise from time O to #; and then falls back to 0 from #
to . fy is the time that the slope started to slide down
(Fy is slightly smaller than 1) and displacement in-
creases. Reinforcement of cedar roots on Ozawa slope
depends on the soil displacement and thus it also de-
pends on the ground water level. For example, a rise
in the groundwater level by 0.5 m results in a land-
slide displacement of Ax = 8.5 mm. By this displace-
ment, reinforcement of tree roots reaches 20.3 kN, and
this reinforcement function is F,, = 1. At this situation
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(displacement = 8.5 mm), if the groundwater level
draws down to its initial value (& = 0), the slope dis-
placement will still remain (it cannot return to zero).
The reinforcement of tree roots (20.3 kN) also remains.
At that time, Fy = 1.092, as calculated by Eq. (19).
Comparing this value to the initial F; = 1.026, we can
see that tree roots increase slope stability by 6.4%. In
the other view of slope without root reinforcement,
when 2 = 0.5 m, F; = 0.936 (unstable slope). Com-
paring this value with F, = 1, we can see that root
reinforcement increases the safety factor by 6.8%.

Conclusion

Up to now, we lack the acceptable methods to compute
the reinforcement of inclined roots in mass movement
or in landslides, even though tree root reinforcement
plays an important role in slope stabilization. In our
research, we used a new computational model for in-
clined roots to analyze the influence of root reinforce-
ment on slope stability. The effects of mass movement
upon the root body are exerted by coefficient of hori-
zontal subgrade reaction and axial reaction along root
length. Shear stress caused by horizontal subgrade re-
action determines the breakage and axial stress causing
axial force, which determines the pullout resistance of
the root. The reinforcement of a tree root is finally de-
cided by considering root breakage and pullout.

To complete the computational model, we used data
from previous field experiments in Ozawa—Iwate,
Japan. Properties of an actual slope were also used
with the model as an illustration. In the case study, the
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Figure 12. Influence of ground water level on root reinforcement and slope stability.

calculation shows that the F; increased up to 6.8%
through the influence of tree root reinforcement. The
important conclusion is the tree roots kept Ozawa
slope stable even though ground water increased up
to 0.5 m. A slope without root reinforcement will be-
come unstable when groundwater level increases by
only 0.15 m.

This paper analyzes slope stability by considering
the safety factor of the slope as a function of displace-
ment of soil, depth of landslide and root distribution.
To complete the calculation, data for tree roots classi-
fied by size, inclination, species, and age of trees are
necessary. The distribution and properties of the roots
are needed. Also needed are surveys of experiments
on the properties of various vegetated soils in different
seasons and weather conditions. Having a full database
of roots and soil will help us predict how tree roots
stabilize vegetated soils better.
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Observation and simulation of root reinforcement on abandoned
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Abstract

The mechanics of root reinforcement have been described satisfactorily for a single root or several roots passing a
potential slip plane and verified by field experiments. Yet, precious little attempts have been made to apply these
models to the hillslope scale pertinent to landsliding at which variations in soil and vegetation become important.
On natural slopes positive pore pressures occur often at the weathering depth of the soil profile. At this critical depth
root reinforcement is crucial to avert slope instability. This is particularly relevant for the abandoned slopes in the
European part of the Mediterranean basin where root development has to balance the increasing infiltration capacity
during re-vegetation. Detailed investigations related to root reinforcement were made at two abandoned slopes
susceptible to landsliding located in the Alcoy basin (SE Spain). On these slopes semi-natural vegetation, consisting
of a patchy herbaceous cover and dispersed Aleppo pine trees, has established itself. Soil and vegetation conditions
were mapped in detail and large-scale, in-situ direct shear tests on the topsoil and pull-out tests performed in order to
quantify root reinforcement under different vegetation conditions. These tests showed that root reinforcement was
present but limited. Under herbaceous cover, the typical reinforcement was in the order of 0.6 kPa while values up to
18 kPa were observed under dense pine cover. The tests indicate that fine root content and vegetation conditions are
important factors that explain the root reinforcement of the topsoil. These findings were confirmed by the simulation
of the direct shear tests by means of an advanced root reinforcement model developed in FLAC 2D. Inclusion of
the root distribution for the observed vegetation cover mimics root failure realistically but returns over-optimistic
estimates of the root reinforcement. When the root reinforcement is applied with this information at the hillslope
scale under fully saturated and critical hydrological conditions, root pull-out becomes the dominant root failure
mechanism and the slip plane is located at the weathering depth of the soil profile where root reinforcement is
negligible. The safety factors increase only slightly when roots are present but the changes in the surface velocity
at failure are more substantial. Root reinforcement on these natural slopes therefore appears to be limited to a small
range of critical hydrological conditions and its mitigating effect occurs mainly after failure.

Introduction Schmidt et al., 2001). The mechanics of root reinforce-

ment have been described satisfactorily for a single root
Roots can contribute significantly to the stability or several roots passing a potential slip plane (e.g., Abe
of shallow soils on slopes (e.g., O’Loughlin, 1974; and Ziemer, 1991; Waldron, 1977; Wu, 1984, 1995)

and these models have been corroborated by field and

- laboratory measurements (e.g., Riestenberg, 1994; Wu
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et al., 1988). Yet, precious little attempts have been
made to apply these models to the hillslope scale perti-
nent to landsliding. This omission should be attributed
to the limited size at which root reinforcement can be
tested in the field and the emergence of the variability
in soil and vegetation properties as a major factor at the
hills-lope scale. Consequently, the strain and strength at
failure may be very different for actual landslides when
compared to those under the controlled and idealised
conditions of in-situ tests.

This paper therefore aims to translate local mea-
surements of root reinforcement to the hills-lope scale.
Field evidence of root—soil interaction is combined with
a geomechanical model by which root reinforcement
and ultimately root failure can be simulated under dif-
ferent conditions. Such a model is needed because root
behaviour under strain is essentially different from that
of soils.

The model that considers the root reinforcing mech-
anisms in detail has been developed as a routine in
FLAC 2D, a commercial finite difference code with
widespread application in geo-engineering (Itasca,
2002). It simulates the stress—strain behaviour numer-
ically so the strain-dependent effect of reinforcement
can be simulated more realistically with fewer simpli-
fying assumptions. Moreover, the root reinforcement
model in FLAC offers the user to specify varying
root and soil properties along the slope and the in-
fluence of the hydrology on the effective stress can
be evaluated rigorously. This is highly advantageous
since root reinforcement is influenced by the type and
nature of the vegetation and local variations in soil
conditions.

Descriptions of in-situ measurements and the root re-
inforcement model are given prior to the presentation
of the case study that provides the field evidence for
the application of the model. The field evidence stems
from two slope transects affected by slope instability
in the region near Alcoy in SE Spain. Here, landsliding
is rife on steep slopes in weathered Miocene marl (see
for a detailed description: La Roca and Calvo-Cases,
1988; La Roca, 1991; Van Beek, 2002). This region
conforms to the general trend of the abandonment of
marginal agricultural fields in the European part of the
Mediterranean basin (MacDonald et al., 2000). Subse-
quent re-vegetation of these fields increases the infiltra-
tion and storage capacity of the topsoil. On abandoned
slopes this leads to elevated pore pressures during pro-
longed or intense rainstorms and induce landsliding
(Cammeraat et al., 2005). However, these negative as-
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pects may be partly counter-acted by increased root
reinforcement that would define the ultimate stability
of such abandoned slopes.

In-situ measurement of root reinforcement

Root reinforcement was studied by in-situ direct shear
tests and root—soil interaction by pull-out tests. Ad-
ditional descriptions and measurements provide back-
ground information to these tests and are presented
briefly as part of the case studies where appropriate.

Pull-out tests were performed in-situ using a frame
that allowed steady straining of the root until failure
occurred. During the tests, the soil remained at the
ambient moisture content. The maximum mobilised
force was measured by means of a spring balance
and recorded against the applied displacement (Cam-
meraat et al.,, 2002). In addition, species, diameter,
orientation and inclination were noted for every root
tested.

The shearing resistance of the rooted topsoil was
tested in-situ by large-scale direct shear tests, as small
samples cannot truthfully represent the effect of root
reinforcement. The dimensions of the shear box used
were 0.6 x 0.6 m? in plan and 0.4-m deep to encompass
a sufficiently large volume of rooted soil. The box was
sunk vertically into the soil and the base excavated to
provide a level surface over which the encased block
could travel. Shear was applied by means of a jack and
the generated shearing resistance measured with a prov-
ing ring as a function of the displacement. A normal
load was applied by means of a dead weight of con-
crete blocks. Two loads were used, resulting in normal
stresses of 3.3 and 4.1 kPa. The soil was wetted thor-
oughly prior to testing to eliminate any suction-derived
resistance and the shear rate kept low (4 mm min~!
on average) to avoid the build-up of excess pore pres-
sures. Tests were carried out in two modes. In the first
mode, a four-sided shear box was used, in the second
mode the soil block was bounded by plates only per-
pendicular to the direction of shearing so that roots
extending through the soil block were not truncated.
In the second mode, 10 metal rods were installed on
either side of the box to measure strain in the adjacent
soil. After testing, root counts were made (see below).
Root reinforcement was calculated by subtracting the
theoretical shearing resistance of the non-rooted soil,
which was determined in the laboratory on undisturbed
samples.



From the direct shear tests and the pull-outs roots
were collected to be tested in the laboratory in order to
determine root elasticity and tensile strength.

Root reinforcement model

The root reinforcement model is based on the theory of
reinforced soil (Vidal, 1966) and an extension of exist-
ing two-dimensional analytical models (e.g., Waldron,
1977; Wu, 1984). This process description applies to a
2D case in the vertical X—Y plane on which all roots
are projected. According to the concept of reinforced
earth root reinforcement is the result of the elongation
of roots across a potential slip plane which generates
a root force F, that is transferred to the soil by the co-
hesive and frictional contacts between the root and the
soil (Figure 1). Roots have been shown to deform elas-
tically to imposed stresses (Waldron, 1977; Wu et al.,
1979) and the root stress can therefore be calculated by
means of Hooke’s Law:

—E = 1
0 = B M

where o, is the resultant root stress [Pa],
E, is the modulus of elasticity (Young’s modulus) of
aroot [Pa],
AL/L is the elongation of a root per unit length of
aroot [mm™'].
The actual reinforcement that can be mobilised is lim-
ited by two failure modes. Dependent on the loading,

fully anchored roots will snap when the root stress ex-
ceeds the tensile or compressive strength. Alternatively,
roots may fail prematurely by pull-out if during the
loading of the root the resistance along the root—soil
interface is overcome (Waldron, 1977). For a root ex-
tending across the slip plane the longitudinal stress, o,,,
along the root before failure by is given by (Waldron,
1977):

do,(x)

4B
L =47/, &)

where d, is the root diameter [m], and,
B is the bond strength, i.e. the shearing resistance at
the root—soil interface for a unit length of an embed-
ded root [Pa] and x is the distance along the root.
The bond strength is assumed to be independent of the
root stress and the Mohr—Coulomb failure criterion is
adopted here to describe it:

B=CO: (¢, +o,tan¢p,) = CO - R(c + g, tan¢), (3)

where CO is the effective contact length along a root
[mm'],
o, 1s the normal stress acting on a root [Pa], ¢, and
¢, are respectively the cohesion along the root—soil
interface and of the soil itself [Pa],
¢, and ¢, are respectively the friction angle along
the root—soil interface and of the soil itself [°],
and R is a reduction parameter [—] that relates the
strength properties along the interface to those of the
soil.

Figure 1. Schematisation of root reinforcement. A root passing a shear zone—indicated by the dashed horizontal lines—is extended from its
original length Lo— L. This generates the root force F,. = o, - A, that can be resolved by the angle of root inclination 8 into components normal

and parallel to the shear plane, respectively, F,, and Fj.
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At the slip plane x = 0(x() the root stress is at a
maximum, o,(0) = o, and it decreases towards its end
(Waldron, 1977). To avoid failure by pull-out, the equi-
librium along the soil-root interface before failure is
given by the integration of Eq. (2) over the root segment
XoX1-

0a(X1) = 0a(x0) = 4B(x1 — x0)/d, “4)

assuming that the diameter d, is constant along this
segment.

Since o,(x;) would be zero under equilibrium con-
ditions when the bond strength is fully mobilised, the
maximum shearing resistance along the soil-root inter-
face is used to determine whether the root would fail
by pull-out, i.e., 0, > 4B(x; — x¢)/d,, or in tension
o, <4B(x1 — x0)/d,.

The mobilised root stress can be resolved for the
enclosed angle 8 into two components of root rein-
forcement, working respectively, normal and parallel
to the slip plane (Figure 1):

Fn/Ar = Oy Sil’lﬂ, (5)
Fs/Ar = 0y COSIBs (6)

where A, is the root cross-sectional area.

The component normal to the potential slip plane
exerts a confining stress and adds to the frictional com-
ponent of the shearing resistance along the slip plane.
The parallel component is aligned with the shear stress
along the slip plane. When a root is in compression,
in which case the enclosed angle 8 is obtuse, the root
stress component works in the direction of the shear
stress and the component is negative. When a root is in
tension the component counteracts the shear stress and
the contribution is positive.

The total contribution of root reinforcement to the
shear strength, S, depends on the relative root area of
every root that passes the slip plane. Provided that the
root distribution along the slip plane is known or can
be estimated, S, can be calculated from the sum of the
root reinforcement of the individual roots:

S=> Ur%(cos B + sin B tan ¢), (7)

where A4,/A4 is the relative root area (root cross-
sectional area over total area).

The root reinforcement model based on Egs. (1)—
(7) has been coded in FLAC 2D (Itasca, 2002). The
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main differences between the original analytical formu-
lations of the model and its implementation in FLAC
concern the deformation of the soil mass and the de-
scription of distorting roots therein. In FLAC the soil
mass is described by a grid of contiguous zones that
connect at nodes. FLAC does not employ predefined
shear planes but describes the stress—strain behaviour
of the soil numerically leading to elastic or plastic de-
formation under the imposed loads. Thus, some as-
sumptions on the deformation of the shear plane after
failure can be relaxed and root reinforcement can be
determined at any location and at any moment during
the deformation of the slope.

For the analysis a plane strain configuration is used
with the 2D plane coinciding with that in which the
major and minor principal stresses are acting. On this
plane, roots are projected with an inclination i to the
positive x-axis (0°—180°). Roots are classified accord-
ing to this inclination and their diameter to give a root
distribution, which specifies the number of roots pass-
ing a horizontal plane of one square meter per class.

The roots are treated implicitly in the model and an
average root passing through the midpoint of a zone
is taken to represent each class. On deformation, the
inclination and length of the root segment change as
a result of the normal strain, the shear strain and rota-
tion experienced by each zone. For the deforming root,
the root stress can be calculated from Eq. (1) if not
broken already. The root stress of elongating roots is
limited by their tensile strength, that of shortening roots
by their compressive strength. If the root stress can be
matched by the pull-out resistance and is limited by
the tensile or compressive strength of the root, the root
will break and no root tensile stress can be mobilised
from the next calculation step onwards. For the calcula-
tion of the pull-out resistance, first the resistance along
the root segment in the zone is calculated by means of
Egs. (3) and (4). If this local resistance is insufficient,
additional pull-out resistance may be mobilised from
connected root segments in adjacent zones. The con-
nectivity between roots is derived heuristically from
the transition probabilities, which are calculated from
the root distribution for the zone under consideration.
The root connectivity assumes that depending on their
inclination roots connect only to the adjacent zone in
the x- or y-direction. Also, dependent on their incli-
nation, roots are either coarsening upwards or fining
downwards. This results in an equivalent root length
of which the corresponding resistance is added to the
pull-out resistance. Different layers or root types can be



Table 1. Parameterisation of the root reinforcement model in
FLAC 2D

Generation of root stress and
root failure by breakage

Root mechanical

properties

Root elasticity, £, [Pa]

Root tensile strength, 7, [Pa]
Ratio between compressive and tensile strength, RCS [-]

Root—soil interaction
Cohesion*, ¢’ [Pa]
Friction angle*, ¢’ [°]
Reduction factor, R [-]
Effective contact
length, CO [-]

Root distribution

Failure by pull-out

Classified root content
linked to vegetation
type and depth; used
to describe root
deformation and
cross-sectional area
Root count

Inclination in X-Y plane

Diameter

*Also used by FLAC.

used to capture the distribution of roots with depth or
along the slope. For each root class, the parameters CO
and R of Eq. (4), root elasticity (Eq. (1)) and the root
tensile strength must be specified. The latter is related
by means of a global parameter to the root compressive
strength (Table 1).

The root reinforcement of Eq. (7) is calculated in
FLAC as the reinforcement per class and summed. The
term A, /A of Eq. (7) is merely the root cross-sectional
area times the root count, N,, over | m?. The resulting
root reinforcement is treated as an additional cohesion
for the slope normal component or an additional tension
for the slope parallel component. Both material prop-
erties cannot be negative in FLAC. Moreover, FLAC
constrains the tensile strength to the tension cut-off. In
the unlikely event that the root reinforcement violates
the physical or theoretical limits of the tensile strength
and cohesion, the following procedure is invoked and
an error message issued: (1) if the tension cut-off is ex-
ceeded, the remainder is added to the cohesion; (2) ifthe
tensile component is smaller than zero, it is subtracted
from the cohesion, provided that the overall value, soil
cohesion included, does not become negative.

The root reinforcement calculations are invoked at
the start of every calculation cycle in FLAC and change
the shear resistance of the soil on the basis of the
stresses and deformations from the previous time step.

The resulting alterations in the strength have conse-
quences for the deformations and stresses that are
calculated in main program of FLAC for the current
step, and this process is reiterated during the solving
process.

Case studies
General site description

Detailed studies were made regarding morphology,
vegetation and soil conditions at the two slope tran-
sects. Each transect was set out with three survey lines,
10 m apart, thus delineating a 20 m wide area. Along
each survey line points were marked at every 10 mso a
regular sampling network was created. From the eleva-
tion of these sampling points a profile was generated.
This survey provided the basis for the mapping of the
morphology and vegetation cover and the positioning
of additional sample points.

The transects are located along a ravine (barranco)
that dissects a pediment developed in Miocene marl
(Transects A and B, see Figure 2). The ephemeral
stream in the barranco forms the base of both slopes
and signs of fluvial erosion are present. The transects
receive a similar amount of insolation although their
expositions differ (West and East, respectively). The
slope transects have similar dimensions but slope B
is steeper than A (Table 2). The relatively flat area of
the pediment is presently cultivated but the bench ter-
races on the slopes have been abandoned and fallen
into disrepair. In addition to the old terraces, land-
slide scars, gullies and deposition areas were identi-
fied along the slope. These morphological units were
subject to diminishing degrees of erosion and sec-
ondary mass movement activity. The activity of these
processes on the flatter old terraces was negligible or
absent.

Sampling in soil pits and auger holes along the sur-
vey lines was used to describe the soil and to determine
the porosity, dry bulk density and shear strength. Soil
descriptions according to the FAO classification (FAO,
1990) also included determination of the particle size
distribution (by dry sieving for the fraction >63 um, by
hydrometer tests for the fraction <63 pm), carbon con-
tent (cf. Wesemael, 1955) and organic carbon content
(cf. Allison, 1935) for the soil pits. For the determina-
tion of the porosity and dry bulk density, undisturbed
samples of 10~ m? were taken in fivefold for every
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(Aa)

Figure 2. Overview of the slope transects A and B.

Table 2. Morphometry of the slope transects A and B

Slope angle [°]

Transect Length [m] Average Min. Max.
A 110 20.7 3.6 32
B 100 23.7 7.8 393

horizon of the soil pits and at 0.25-, 0.75- and 1.25-m
depth in the auger holes, if not restricted by the presence
of bedrock. Undisturbed block samples were also used
to determine the shear strength of the non-rooted soil
on which anchorage and overall slope stability depend
(see below).

In total, five soil pits and 80 auger holes were de-
scribed and sampled. The observed soil depth was
0.95 m on average for both slopes but tended to be
more variable on slope B, where the presence of buried
topsoils and Pleistocene soils was attested. Notwith-
standing these differences, the soil properties were rel-
atively uniform. The sampled profiles can be classified
as calcaric cambisols and the carbonate content is high
(>55% by weight). Partly due to the cementation of
finer particles by carbonate, the silt fraction dominates
the texture. Only in the topsoil a variation in organic
carbon content was found and this and the porosity
decreased with depth (Cammeraat et al., 2005). No ob-
vious differences were attested between the slope tran-
sects, hence the average bulk density and porosity, de-
termined from the mass difference between a saturated
and oven-dry sample, are respectively, 14 kN m~3 and
0.43 m> m~3 (246 samples).

Characterisation of vegetation and root distribution

Tree location and the extent of the tree canopy as well
as that of the herbaceous cover were mapped. Ground
cover of the herbaceous cover was estimated visually
and classified: <10, 10-25, 25-50, 50-75 and >75%.
For each polygon a tally of common species was made
over a grid of 1 x 1 m at 0.1 m intervals. At selected
places this inventory was combined with a determina-
tion of the dry above-ground biomass over the grid (cf.
Cammeraat et al., 2002).

Of trees taller than 2 m, species and location were
noted, as well as its height, diameter at breast height
(DBH, 1.3 m) and canopy extent, shape and volume
(Cammeraat et al., 2002). Foliage density was mea-
sured with a LI-COR LAI2000 (LI-COR, 1990).



The inventory of common species revealed that ar-
eas with near complete cover (>90% on average) were
dominated by Brachypodium sp. (over 75%), those with
a sparse cover (<50% on average) were characterised
by succulent and aromatic species such as Sedum sp.,
Sempervivum sp. and Thymus sp. This finding was
confirmed by the dry biomass determination of, respec-
tively, 1.08 and 0.58 kg m~? (respectively, 3 and 6 sam-
ples). Consequently, the vegetation units were lumped
into two classes, representing a denser and a sparser
vegetation type (respectively, type I and II). Vegetation
type II prevails on scars and other less stable surfaces.
Overall, slope A had a sparser cover than slope B (48.5
and 80.3% classified as vegetation type 1),

An equal number of trees >2 m was present on slope
A and B (respectively, 44 and 41). The majority of
these trees were Aleppo pine (Pinus halepensis (Mill.))
with insubordinate numbers of olives (Olea europaea
(L.)), almonds (Prunus dulcis (Mill. D.A. Webb)) and
hawthorns (Crataegus monogyna (Jacq.)). The former
crop trees especially abounded on slope B (37% com-
pared to 7% on slope A). Mature pine trees varied in
height between 7.5 and 15 m and had a DBH of 0.2—
0.5 m and pine trees were generally better developed on
slope A than on slope B (Table 3). A good linear rela-
tionship exists between height and DBH (R? = 0.85).

Root counts were made after the in-situ direct shear
tests and in the soil pits, predominantly to serve as input
for the 2D model. Therefore, the roots were projected
on the X—Y plane, classified on the basis of their diam-
eter, inclination and depth, and expressed as a number
for a given soil volume, in this case 1 m? of basal area
times the zone height.

For the direct shear tests, all roots were counted over
the basal area of the shear box at every 0.1 m depth up
to the depth of the imposed slip plane (0.4 m). Roots
were counted as totals over four root diameter classes:
<1, 1-3,3-6 and >6 mm.

The five soil pits provide information on the overall
root content under the two vegetation types (respec-

Table 3. Characteristics of the pine trees at the slope transects

tively 3, and 2 pits). A 0.1 x 0.1 m grid and 0.5 m
wide was placed in the pit and all roots larger than
1 mm in diameter described by its diameter, inclina-
tion, orientation and position. Fine root content was de-
termined gravimetrically. At every 0.1-m depth, three
undisturbed cores of 10~ m?® were taken from which
the roots were extracted by wet-sieving in the labora-
tory. These roots were dried and weighed. Thus, the
volume of roots for the known volume of soil could
be calculated by assuming the specific gravity of the
roots. By taking the average length of the sampling
rings (50 mm) and an average diameter of 0.5 mm the
number of fine roots could be estimated.

The root counts from the pits were deemed insuf-
ficient in number and size to represent the structural
roots of the trees present on the slopes. As an alter-
native, the three-dimensional information from a digi-
tised root system was used (cf. Danjon etal., 1999). The
digitised root was transformed into a two-dimensional
representation by means of pole coordinates and bro-
ken down into 1-m-wide concentric rings in the X—Y
plane.

Figure 3 summarises the root distribution data for
the vegetation types. The overall root content showed
that vegetation type I is more rooted than type II. In
both cases, however, coarse roots penetrate over 1.2 m
into the soil. This applies both for the coarse and fine
root content although the conversion factor for the lat-
ter had to be tuned significantly in order to bring the
root numbers in agreement with the counts from the
direct-shear tests. The data on tree roots derive from a
digitised root system of maritime pine (Pinus pinaster
Ait.; Fourcaud et al., 2003). This system had a maxi-
mum lateral extent of 3 m and reached a depth of 1.2
m. Since the outer ring only contained 11% of the total
root count and 56% of the area of 28.3 m? its influence
on root reinforcement will be small and its roots have
been redistributed over the inner two rings. Compared
to the overall root count, the number of structural tree
roots is small (Figure 3). All roots are fairly evenly

Tree height DBH Drip line Foliage density
Transect Number Average SD Average SD Average SD Average SD
A 41 6.53 3.12 0.14 0.12 1.92 1.15 1.47 0.99
B 26 5.13 2.72 0.10 0.08 1.48 0.72 0.97 0.49

All values in [m] except foliage density [m? m~3]. Shown are the average and standard deviation (SD).
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Figure 3. Root distributions for the different vegetation types: (a) Type I (dense), (b) Type II (sparse), (c) pine trees. Note the different scales

used to represent the root contents.

distributed over the different inclination classes (not
shown).

Root mechanical properties

Root elasticity and tensile strength were determined
by Xylomeca in the laboratory on behalf of the Lab-
oratoire du Rhéologie du Bois de Bordeaux (LRBB).
The roots were kept in cold storage and soaked for 24
h prior to testing in tension using a load cell of 1 kN
maximum capacity and a constant deformation rate of
2 mm min~! (Genet, 2004). The maximum force at
failure and the cross-sectional area were used to calcu-
late the root tensile strength. Root elasticity (Young’s
modulus) was calculated from the slope of the stress—
strain curve during the first, recoverable part of the root
deformation.

A total of 52 root samples from the direct shear
tests and pull-outs were tested of which 39 were
Pinus halepensis and the remainder Olea Europaea and
Crataegus monogyna. Of these, 17 had a diameter be-
tween 1 and 5 mm with bark, the remaining roots were
larger (maximum of 14 mm). No roots smaller than 1
mm were tested.

No apparent differences in root elasticity or tensile
strength were found and all roots have been lumped
in the analysis. Overall, root elasticity showed a de-
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crease with increasing root diameter. This relationship
can be described by a power-function but the variability
is large (R? = 0.22):

E, =125-10"d7%7, ()

where d, is the root diameter [m] and E is the root
elasticity [Pa].

The observed values range from 0.1 to 2.9 GPa. For
the diameter classes of 1-5 and >5 mm the mean and
standard deviation are respectively, 1.24 4+ 0.81 GPa
and 0.66 + 0.52 GPa.

A constant but highly variable root tensile strength
was found for the diameters tested, ranging from 3 to
43 MPa with an average of 13 MPa and a standard
deviation of 6.8 MPa.

After rejection of the in-situ pull-out tests in which
the root snapped at the attached clamp, 28 success-
ful tests were available with diameters between 1 and
11 mm, the majority on pine. Most roots snapped and
only few were pulled clear from the soil. The pull-out
resistance measured in-situ thus largely coincides with
the tensile strength determined in the laboratory with
a range between 3 and 24 MPa an average of 9.3 MPa.
Again, the tensile strength is independent of the root
diameter.



Shear strength of non-rooted and rooted soil

The shear strength of the non-rooted soil was deter-
mined on saturated, undisturbed samples from the slope
transects. Because of its simple and speedy execution,
the tor vane test was used to obtain shear strength mea-
surements from the 232 samples gathered at the 80
sample points (USACE, 1983). These data were spa-
tially interpolated by block-kriging at the respective
sample depths of 0.25, 0.75 and 1.25 m. Due to the
rapid deformation of the saturated material excess pore
pressures are generated and the results should be in-
terpreted in terms of undrained strength (Yarbrough,
2000). Since the onset of failure of the natural slopes
in the area generally occurs under drained conditions,
the drained shear strength was determined in the lab-
oratory by means of consolidated-drained strain-con-
trolled tests (BS, 1990). The tests were performed on
block samples from the soil pits with dimensions of 60
x 60 mm wide and 20-mm high. Of five representative
horizons six samples were tested at three imposed nor-
mal stresses within the range from 50 to 125 kPa and a
strain rate of 0.2 mm h~!.

The undrained shear strength showed a weak in-
crease with depth. The same tendency was observed
for the drained shear strength (Table 4). The close sim-
ilarity between the undrained shear strength and the
drained cohesion points towards the complete absence
of the frictional component in the former. The variation
in the undrained shear strength and the drained cohe-
sion are large and the latter does not significantly differ
from zero. The drained friction angle ¢’ varies between

Table 4. Shear strength properties (six tests per horizon at three
imposed normal loads between 59 and 117 kPa)

Horizon Depth [m]* ¢’ [kPa]** ¢, [kPa]l ¢ [°]™

Ah Top soil 0.00-0.17 4.8 4.5 34.4

Bw Weathered 0.17-0.26 1.9 4.8 353
soil

Clg* Gleyic 0.26-0.59 10.2 8.1 31.2
horizon

C12* Colluvium 0.59-0.69 9.8 8.2 31.7

Cc2 Regolith  0.69-0.92 4.1 6.5 36.4

*The horizons C1g and C12 are not necessarily present and the given
depths are indicative only. The depth is the average of the observed
layers and indicative only.

**¢" and ¢’ are the drained shear strength parameters.

f¢, is the average undrained shear strength (cohesion) based on field
measurements (N = 232 in total).

31° and 36° for the different horizons. A linear regres-
sion resulted in an overall friction angle of 33.6° when
the cohesion was set to zero. The peak of the drained
shear strength was generally achieved at 12% strain or
7-mm strain.

At slope B eight large-scale in-situ direct shear tests
were carried out on the rooted topsoil under varying
vegetation conditions (see test description above). Of
these, two were of the four-sided design (Tests 1 and
8), six were of the two-sided design. The strain at fail-
ure is more variable than in the laboratory, ranging be-
tween 6 and 25% (34 and 150 mm, respectively) and
is weakly correlated to the root reinforcement of the
soil (Figure 4). During the tests roots could be heard
snapping and corresponding drops in the stress—strain
curve were observed (Figure 5¢). Some arching into
the soil was observed in the two-sided design but the
movement was small compared to the displacement of
the enclosed block and few roots crossed through the
lateral sides with the exception of Test 2 under dense
forest cover of Pinus halepensis. This test returned the
highest root reinforcement of 18.2 kPa while only in
one test no reinforcement was observed (—0.4 kPa;
Figure 4). The four-sided tests near pine trees yielded
reinforcements of respectively 3.3 kPa and 7.8 kPa, the
latter made on an 11-year-old sapling. Over all tests, the
average root reinforcement is 3.9 kPa. When the largest
reinforcement of Test 2 is excluded, a good correlation
between the fine root content (<1 mm) of the slip plane
and the root reinforcement is found (R? = 0.96).

Model applications
General

The root reinforcement model in FLAC has been ap-
plied to model the in-situ direct shear tests as a test of
its validity and to assess the slope stability of the two
slope transects.

For the modelling, the average soil properties for
the friction angle, bulk density and porosity have been
adopted (Tables 5 and 6). For unsaturated conditions
an average degree of saturation of 65% at field capac-
ity has been used to calculate the bulk density of the
material (Van Beek, 2002). The applied cohesion var-
ied per application (see below). The bulk modulus, K,
and shear modulus, G, are needed to calculate the de-
formations in FLAC and initially literature values were
assigned (K = 5.0 MPa, G = 2.3 MPa).
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Figure 4. Reinforcement, strain and fine root content (<1 mm) for seven out of the eight in-situ direct shear tests. H and P refer respectively, to

herbaceous cover and the presence of pine trees.

For each root diameter root elasticity was calculated
from the power function of Eq. (8). The mean tensile
strength was used for all roots. Without any reliable
data to suggest otherwise, the ratio between the root
compressive strength and the tensile strength, the root
contact length and reduction parameter were kept at
unity (Eq. (4)).

The surcharge due to the self-weight of the vegeta-
tion has been ignored due to the want of data and the
patchy nature of the vegetation cover.

In-situ direct shear tests

Model settings

In the simulation of the direct shear tests, the X—Y
plane of the problem was aligned parallel to the im-
posed shear displacement of the soil block (Table 5).
The shear box was located in the centre of the block,
on which the corresponding normal load was imposed,
and the adjacent areas excavated (Figure 5). The shear
plane was modelled as a detachable interface to allow
for the observed horizontal displacement. The simula-
tion was carried out in two stages (Table 5). After the
initial stress distribution was obtained, the actual test
was simulated. A horizontal strain rate was applied to
the soil block contained by the shear box. The imposed
strain rate was slow enough to ensure consolidated-
drained conditions and pore pressure effects were not
considered.

Along the shear plane, both the average normal and
shear displacements and stresses were monitored in or-
der to compare them with the observed stress—strain
curve. The shearing of the soil block was simulated
until the calculated shear displacement equalled the
observed displacement in the field.
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Parameterisation
All in-situ direct shear tests were modelled with the
corresponding normal load and the actual root distri-
bution of each test, the root distribution of vegetation
type I and without any roots. The actual root distri-
butions were available for the first 0.4 m at a verti-
cal resolution of 0.1 m. Below this depth, root counts
were extrapolated to 1-m depth. The actual root dis-
tributions were summarised into four diameter classes,
as used for the counts in the field (<1, 1-3, 3—6 and
>6 mm). Except for some structural roots, the inclina-
tion and orientation of the roots was not recorded, so
the root numbers were divided equally over three in-
clination classes (0°-60°, 60°—120°, 120°-180°). The
same inclination classes were used for the root dis-
tribution of vegetation type I for which a distinction
in three diameter classes was made (<1, 1-5 and
>5 mm).

As the imposed shear plane was most times located
in the Bw horizon of low cohesion, no cohesion or
tensile strength were attributed to the soil.

Results

The result shows that the model simulates the strain-
dependent nature of root reinforcement and the failure
of roots by breakage or pull-out (Figure 5c). However,
the assumed plane strain conditions implied that only
the four-sided direct shear tests can be simulated di-
rectly and therefore the relative root reinforcement is
presented (Figure 6). The simulated root reinforcement
for the actual root distributions is approximately 0.3
kPa with the exception of Test 8 for which the rein-
forcement is 1.5 kPa. Inclusion of the root distribution
of vegetation type I gives a simulated root reinforce-
ment of 1.6—1.9 kPa.
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Table 5. Model settings for the simulation of the in-situ direct shear tests

Model settings
Analysis

Grid dimensions

Horizontal (X)

Vertical (¥)

Model

Mechanical boundary conditions

Loads

Imposed groundwater conditions
Imposed root conditions

Parameterisation
Soil properties™*

Root distribution

Root properties

Modelling stages
Initial

Strain mode

Root reinforcement
Main

Convergence

Strain mode
Root reinforcement
Additionally reported variables

Plane strain, X—Y plane aligned to direction of shear displacement
Mechanical only, total stress analysis
Number of zones Distance [m]

18 1.80 0.10

1* 1.00 0.10
Mohr—Coulomb

Left-hand side Bottom Right-hand side
Fixed in X Fixed in X and Y Fixed in X
Gravity, 9.81 m s~2

Surcharge (3.3 or 4.1 kPa) at top shear box

NA

No roots

Actual root distributions

Root distribution for vegetation type I

Bulk modulus, K 5.0 MPa
Shear modulus, G 2.3 MPa

Dry bulk density 1425 kg m~3
Porosity NA m? m—3
Degree of saturation NA -
Cohesion, ¢’ 0 kPa
Tensile strength 0 kPa
Friction angle, ¢’ 33.6 °
Inclination Diameter™** Depth
0-60°, 60-120°, 120-180° <1, 1-3, 3-6, and >6 mm 0.10-1.0 m depth
Elasticity! 1.25 x 107 g°—0-7 Pa

Tensile strength 13 x 10° Pa

All remaining parameters (CO, R, RCS) set to unity

Obtaining initial geostatic stresses (with fixed grid for shear box)

Force equilibrium? IN

Small strain mode, nodal coordinates not updated

Not invoked

Simulating displacement during direct shear test

None, driven by imposed X-velocity (4 mm min~") for shear box, displacement halted when total
displacement exceeds 0.10 m

Large strain mode, nodal coordinates updated

Invoked at start of every calculation step

Average normal and shear stress and displacements along the interface for comparison with the
observed stress—strain curves, root reinforcement and root status

*One zone (7th in Y-direction) has been set to zero to create the detachable interface that serves as imposed shear plane.
**Properties for the main modelling stage.

***The root distribution of vegetation type I is subdivided in three root diameter classes (<1, 1-5, and >5 mm).

fRoot elasticity is given as function of root diameter, d,., in m.

#Maximum unbalanced force.

Resolution in area of interest [m]

Slope stability assessments

Model settings

The slope stability has been assessed for each of the
three survey lines of the two hillslope transects that
were aligned to the maximum slope (6 in total, i.e., 3
profiles x 2 transects).
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The grid of each analysis contained 220 by 30
zones (Table 6). The vertical resolution was constant
for the upper 10 zones (2 m) whilst the underlying
20 zones were distorted to generate the slope pro-
file. The total grid length allowed for the inclusion
of two flat areas in the order of 5-10 m wide at the
toe and crest of the slope. All analyses were made



Table 6. Model settings for the slope stability assessments

Model settings
Analysis

Grid dimensions

Horizontal (X)

Vertical (Y)

Model

Mechanical boundary conditions

Loads
Imposed groundwater conditions

Imposed root conditions

Parameterisation
Soil properties™*

Root distribution

Root properties

Modelling stages

Initial

Convergence

Strain mode

Root reinforcement

Main

Convergence

Strain mode

Root reinforcement
Additionally reported variables

Plane strain, X—Y plane aligned in the direction of the survey line
Mechanical only, effective stress analysis

Number of zones Distance [m]

220 110

30 Var.

Mohr—Coulomb

Left-hand side

Fixed in X

Gravity, 9.81 m s>

Fully saturated

Critical groundwater level*
No roots

Actual root distribution in connection with vegetation density
Fully rooted (complete tree and vegetation cover)

Bottom
Fixed in X and Y

Bulk modulus, K 5.0

Shear modulus, G 2.3

Dry bulk density 1425

Porosity 0.43

Degree of saturation 0.65

Cohesion, ¢’ 0-29%**

Tensile strength 0437+

Friction angle, ¢’ 33.6

Inclination Diameter***
0-60°, 60-120°, 120—180° <1, 1-5,>5 mm

Elasticity' 1.25 x 107 4—0-76
Tensile strength 13 x 10°
All remaining parameters (CO, R, RCS) set to unity

Obtaining initial geostatic stresses (under increased strength)
Force equilibrium?

Small strain mode, nodal coordinates not updated

Not invoked

Calculating stability without and with root reinforcement

Resolution in area of interest [m]
0.50
0.20

Right-hand side
Fixed in X

MPa
MPa

kPa

kPa

Depth

0.20-1.6 m depth
Pa

Pa

100 N

Factor of safety (AF < 0.005) and critical groundwater levels (AW < 0.01 m)

Small strain mode, nodal coordinates not updated
Invoked at start of every calculation step

Safety factor, critical groundwater depth, surface velocities, root reinforcement and

root status

*Obtained from back analysis for the non-rooted case.

**Properties for the main modelling stage.

***Cohesion for the first 1.5 m derived from interpolated undrained shear strength measurements, below this depth an exponential increase to
a maximum of 29 kPa at 2.5 m. No tensile strength was assigned to the first 1.5 m, thereafter it was taken equal to the tension cut-off of the

Mohr—Coulomb failure envelope.

fRoot elasticity is given as function of root diameter, d,, in m.

fMaximum unbalanced force.

in terms of effective stress assuming fully drained

conditions.

After an initial stress distribution was obtained, the
safety factor was calculated for each survey line by
means of the parameter reduction method (Dawson

et al., 1999). In addition the

surface velocity field after

1000 calculation steps was evaluated. These velocities

are the hypothetical deformation rates by which the
model attempts to accommodate the unbalanced body
forces that act on each zone of the grid. Since the model
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Figure 6. Comparison of the observed and modelled root reinforcement for the in-situ direct shear tests. Note the difference in scale between

the graphs.

was run in small-strain mode for the safety factor calcu-
lations (i.e., coordinates of the nodes are not updated),
these velocities may be large when they represent plas-
tic strain at the onset of failure. Still, the velocity of-
fers valuable information on local slope stability and
the values along the profiles have been interpolated by
means of inverse distance interpolation so that the sur-
face velocity field can be compared to the morphology
and vegetation along the slope transects.

Root conditions that were evaluated included a com-
pletely non-rooted case, the actual rooted case, and
fully rooted case for the central survey line. For each
root condition, the safety factor was calculated for a
worst-case scenario in which the slope was completely
saturated and for a more realistic case in which a con-
stant piezometric line was imposed for which the slope
was critical (factor of safety of unity) for the non-rooted
case.

Parameterisation

The slope stability assessments differ from the simula-
tion of the in-sifu direct shear tests by the fact that the
root distributions are less accurately known, yet have
to be specified along the entire slope. In this case root
distributions were assigned according to the presence
of the two vegetation types along the slope. Where trees
were present, the distribution of the digitised tree roots
was added. The extent of the tree roots was determined
from the ratio between the drip line and the extent of the
digitised root system (3 m). This approach seems justi-

104

fied by the good relationship between the drip line and
the DBH, which is a good estimator of the dry root mass
for conifers (Drexhage and Gruber, 1999). In order to
take the opposed inclination of roots on either side of
the stem into account the number of root classes was
doubled and the inclination of the roots mirrored along
the Y-axis. This results in four root types that in com-
bination with the two vegetation types and the presence
or absence of trees result in 10 root types. For the mod-
elling, all trees intersecting the profiles were included
and all trees, including the deciduous ones, were treated
as pines. Since no inclination was known for the fine
roots (<1 mm) the root numbers were equally divided
over the three inclination classes used (Table 6).

For the analysis under fully rooted conditions trees
with a canopy extent of 3 m on either side of the stem
were positioned continuously along the slope and the
dense vegetation type I was used for the undergrowth.

For the upper 1.5 m of the soil, the interpolated tor
vane readings were substituted for the local cohesion.
Below this depth, the cohesion increased exponentially
until it reached the average cohesion for sound bedrock
(Van Beek, 2002). No tensile strength was attributed for
the upper 1.5 m of the soil and the theoretical maximum
of ¢’ x cot ¢’ was used below this depth.

Results

Both slopes are potentially unstable as the safety fac-
tors under full saturation indicate (Table 7). On both
slopes the areas of simulated failure coincide with the



Table 7. Safety factors for the survey lines under different
conditions for root density and hydrology

. Survey line
Hydrological ~ Root
Transect  conditions conditions 1 2 3
A Saturated None 0.98 0.68 0.92
Actual 1.06 0.70 0.93
Full 0.70
Critical None 1.00 1.00 1.00
Actual 1.09 1.05 0.99
Full 1.05
B Saturated None 0.74 0.59 0.67
Actual 0.76 0.63 0.70
Full 0.64
Critical None 1.00 1.00 1.00
Actual 0.98 1.05 0.99
Full 1.05

actual scars and deposition areas. For slope A, the sta-
bility of the central survey line becomes critical when
the groundwater is at 0.2 m below the surface. The
adjacent survey lines are marginally stable when the
groundwater is close to the surface. Slope B is gen-
erally less stable and critical groundwater levels vary
between 0.25 and 0.45 m below the surface. In the case
of full saturation, the presence of roots generally in-
creases slope stability but this increase is small and
irrespective of the number of roots since the factor of
safety does not increase appreciably whether the actual
root content or the fully rooted soil is considered. For
the critical groundwater depth, the increase in stability
is less marked and sometimes marginally negative. In
all cases the soil fails in the C-horizon at approximately
1-m depth. In the unstable soil mass, the simulated root
reinforcement is found at the scarp, toe and base. The
mobilised reinforcement at the base is less than 1 kPa
due to the low root content.

The surface velocities associated with the plastic de-
formation field are high (Table 8). The velocities gener-
ally show a significant decrease in displacement when
the hydrological conditions change from fully saturated
to the critical water level regardless the root content.
Under saturation, root content has a positive influence
on the velocities. Again, the velocities do not change
along the central profile when fully rooted conditions
are imposed (not shown). Under critical conditions, the
marginal destabilising influence due to compressing
roots is found here again but the associated deforma-
tions are generally small (in the order of a few cen-

Table 8. Average and standard deviation of surface velocities (see
also Figure 7) for the two slope transects under different conditions
for root density and hydrology

Surface velocity at
failure [mm h—']

Hydrological ~ Root Standard

Transect  conditions conditions  Average  deviation
A Saturated None —-117.4 171.4
Actual —63.0 103.6
Critical None -2.7 8.6
Actual —29.3 434
B Saturated None —567.5 442.5
Actual —492.0 3953
Critical None —18.2 233
Actual —28.7 41.6

timetres when FLAC is run in ‘large-strain’ mode, i.e.,
when the nodal coordinates are updated).

When the velocity patterns along the slope are com-
pared, it becomes apparent that for both slopes the scars,
gullies and deposition areas are the least stable. Slope
A clearly shows the largest velocities in the category
with less than 10% vegetation cover. Due to the dense
cover on slope B, the picture is less clear with the largest
velocities occurring in the categories between 25 and
75%. The influence of vegetation on slope stability re-
mains, however, confused. Only in a few locations a
clear decrease in the surface velocity is simulated, such
as in the middle section of Slope A (Figure 7).

Discussion

In the study area abandonment has led to the emergence
of a semi-natural vegetation cover that is characterised
by a patchy ground cover, remnants of crops and iso-
lated pine trees of different age and size. Since aban-
donment slope instability has occurred at both tran-
sects. At slope B the buried horizons indicate a higher
activity of mass wasting in the past, which is consistent
with the difference in slope angle but contradicts the
sparser vegetation cover on slope A. Possibly the insta-
bility is of a younger date or re-vegetation is slower at
this site.

Notwithstanding the differences in process activity,
local variability obscures any larger trends in soil prop-
erties along the slopes. The uniform composition of the
Miocene marl and the associated high carbonate con-
tent are overriding factors that limit soil development.
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Figure 7. Surface velocities along slope A. Shown are the non-rooted (a) and rooted case (b) under fully saturated conditions. The crest of the
slope is to the right. Negative velocities point downhill. Superimposed on the surface velocities, the location of the sampling profiles and the

vegetation cover and extent of the tree canopy are shown.

Cementation by carbonates decreases the activity of
clays, thus reducing cohesion, and increases the parti-
cle size, thus increasing friction (Lamas et al., 2002;
Skempton, 1985).

Since the slopes are prone to instability, root rein-
forcement may be important to maintain stability under
critical hydrological conditions. In the present case root
reinforcement was attested in eight in-sifu direct shear
tests. The observed values fall well within the range of
values listed in literature for a wide range of vegeta-
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tion types (op. cit. Sidle et al., 1985). Reinforcement
derives mainly from the loading of fine roots as the
correlation between root reinforcement and fine root
content suggests. Vegetation type appears to be of sec-
ondary importance to the actual reinforcement, which
should be attributed to the fact that few coarse roots
permeated the imposed shear planes in those cases and
that there is little variation in root mechanical proper-
ties between species and root sizes. Where abundant,
coarse roots contribute significantly to the soil shear



strength as shown by the high values obtained for two
tests made under pine.

The significance of fine roots is confirmed by the
simulated direct shear tests. The root reinforcement
model approximates the observed stress—strain be-
haviour with inclusion of the observed mechanisms of
root failure during the tests. Yet, the actual root counts
returned simulated root reinforcements that underesti-
mate the observed values while the average root count
overestimate them. This difference should be attributed
to the amount of fine roots included. For the two tests
under pine (Tests 2 and 8), neither the actual nor the av-
erage root distribution yielded satisfactory results. For
Test 2, this shortcoming is partly explained by the ab-
sence of lateral roots crossing the soil block. For both
tests, also the vertical extension of coarse roots may
be underestimated by the vertical extrapolation of the
actual root count.

The overestimation of the simulated root reinforce-
ment for the average root distribution implies that the
results of the slope stability assessments will be opti-
mistic for the areas under herbaceous cover. The poor
representation of the effect of coarse roots, however,
called for the explicit inclusion of the root distribution
under pine trees. Although these roots add considerably
to the coarse root content, the total is small compared
to the root counts established under the two vegetation
types and the root number dwindles rapidly with depth
(Figure 3).

Despite its optimistic nature, the influence of the
simulated root reinforcement on the slope stability is
small. Under saturated conditions, a small increase in
the safety factor and a substantial decrease in the sur-
face velocity at failure are observed. Under critical
conditions, these results are more ambiguous due to
the strain-dependent nature of root reinforcement. Un-
der small deformations, the model simulates that roots
remain in compression and this affects the shearing re-
sistance negatively. Hence the stabilising influence of
root reinforcement on the near-critical slopes studied
here is confined to a small range of critical hydrological
conditions. It can be argued whether roots, and espe-
cially the finer ones, are not too flexible to be loaded
in compression and this is an obvious limitation of the
root reinforcement model. Certainly, compression of
roots will affect the bond strength along the root—soil
interface and cap the pull-out resistance that can be
mobilised in later stages of slope deformation when
these roots will be loaded in tension and the soil fabric
may fail before the root reinforcement can be mobilised

(Mulder, 1991). It is possible to describe such modi-
fications in bond strength conceptually but at the mo-
ment the required data from field and laboratory tests
to parameterise such routines are lacking.

Since the rooting depth is limited due to the pres-
ence of hard regolith or bedrock at the slope transects,
root anchorage is deficient (Tsakumoto and Kusakabe,
1984). Failure will occur by root pull-out at low loads
due to a loss of effective strength along the root—soil in-
terface. Root properties and density are not significant
under such conditions as evidenced by the insensitiv-
ity of the safety factor to the imposed root conditions
(GEOQO, 2000). This transient nature of root reinforce-
ment under these conditions is clearly contradictory
with the constant values of root reinforcements that are
generally used in slope stability assessments.

Some reinforcement may be derived from the con-
fining root mat or from buttressing and arching but
their overall effect will be limited given the patchy na-
ture of the semi-natural vegetation cover (Gray, 1995).
Consequently, the preferred shearing plane would be
expected at the contact of the regolith with the bedrock
as is generally observed in the field where percolating
water stagnates and root reinforcement absent. Higher
in the profile failure is averted by both soil cohesion
and root reinforcement.

Conclusions

Detailed studies on root reinforcement were made at

two slope transects susceptible to slope stability in

SE Spain. These slopes were formerly cultivated but

a semi-natural vegetation cover has established itself

after abandonment. The studies revealed that:

(1) the semi-natural vegetation consists of a patchy
herbaceous vegetation cover with dispersed
Aleppo pine trees of different age and size and rem-
nants of crops. Two vegetation types were identi-
fied, differing in cover and vegetation composition,
which reflect the activity of mass wasting processes
on the slopes.

(2) along the slopes, the soil properties show a large
local variability but no apparent lateral trends.

(3) in-situ direct shear tests indicate that a contribution
of root systems to the soil shear strength within the
topsoil is present but limited. This contribution is
in the order of 0.6 kPa under herbaceous cover but
may be as high as 18 kPa for densely rooted soil
under pines.

107



(4) fine root content is a determining factor in the
observed root reinforcement and a sensitive pa-
rameter in the model. The influence of coarse
roots cannot be fully captured, not even by the
large-scale direct shear tests employed here. For
a more truthful representation of this influence
at least a more accurate count of coarse roots is
needed.

(5) root counts and consequently root reinforcement
decrease rapidly with depth. Roots cannot pene-
trate in the underlying bedrock and the anchorage
is limited. Shear planes coincide generally with
the weathering depth of the soil profile where per-
colating water stagnates and root reinforcement is
absent.

(6) simulation of root reinforcement at the hillslope
scale on the basis of the vegetation patterns re-
turns failure areas and potential shear planes that
coincide with the observed instability in the field.
Translation of the in-sifu direct shear tests to the
hillslope scale by means of the model therefore
seems appropriate although the simulated root re-
inforcement for the direct shear tests is optimistic.
The results reveal that the failure mechanisms at
the hillslope scale are intrinsically different and
limited by the pull-out resistance of the roots under
saturated conditions. The effect of root reinforce-
ment at the hillslope scale is limited to a small range
of hydrological conditions and predominantly oc-
curring after failure.
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Abstract

In the territory of Altomonte, a village located in Calabria, in the Southern part of Italy, a new thermoelectrical station
is under construction. This work involved major earthworks which regarded new excavated slopes. In order to protect
soil from erosion due to rainfall and runoff and also in order to prevent superficial soil instability, it was decided to
plant four different species of perennial “gramineae” plants (Eragrass, Elygrass, Pangrass and Vetiver) characterised
by deep roots. Works began in November 2002 and ended in May 2003, a period marked by very different climate
and meteorological conditions, varying from exceptionally rainy and cold winter to warm and dry spring months.
The paper describes the different stages of the project and the monitoring programme for the following months. The
extension of the work and the use of four different kinds of vegetation made periodic inspections of the entire site
appropriate. Two in situ investigations, respectively performed in August 2003 and in November 2003, are outlined.
The aim of these surveys was to confirm the success of the work by verifying the growth of the plants and roots.
The principal monitored parameters were the percentage of sprouted plants, the height of the foliage and the depth
of roots. The investigations showed good results, keeping in mind the very difficult climatic conditions and the
extreme poor fertility of the topsoil laid down upon the clay layer: in particular, high survival rate were measured
over the entire area of the works and the root systems have developed sufficiently to grow through the upper topsoil
layer (0.2—0.3 m) into the underlying clay layer. In March 2004, a sampling programme was undertaken on the same
site. Direct shear tests were carried out in the laboratory in order to evaluate the increase in shear strength of the
rooted soil mass. The research involved the recovery of three undisturbed samples of soil with roots for each of
the four types of ‘gramineae’ plants and three undisturbed samples constituted only of soil, from the surface to a
depth of 1.0 m. The tests were performed in a large direct shear apparatus on 200 mm diameter samples. The test
results allowed to evaluate the roots’ contribution of the different gramineous species and to underline the direct
correlation between the increase in soil shear strength and the root tensile strengths. In particular, an increase in
cohesion ranging between 2 and 15 kPa was recorded, according to the different species: the maximum values of
increase in shear strength were reached by Vetiver roots, which are also characterised by the highest tensile strength.

Introduction

The paper describes a study of the effect of revegeta-
tion actions on slope stabilisation in an area where a
power station is under construction. The site is located
in the territory of Altomonte, in Calabria, a region in

* E-mail: cazzuffi@cesi.it

the South of Italy (Figure 1). The construction of the
power station involved a major earth moving operation
which required new excavated slopes (Figure 2). The
power station, composed of two principal turbines and
one auxiliary turbine, will achieve energy production
of 800 MW. The fuel is provided by gas that comes
directly from Libya by a specific pipeline.

In order to protect soil from erosion due to rain-
fall and runoff, it was decided to revegetate the site

This article has been previously published in the following journal—Journal of Geotechnical and Geological Engineering, 24, 3, 429—447.
Stokes et al. (eds), Eco- and Ground Bio-Engineering: The Use of Vegetation to Improve Slope Stability, 111-124. 111
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Figure 1. Location of the Altomonte territory in Calabria (Italy).

with ground bioengineering techniques, which permit
installation of a vegetation cover on degraded soils
(Coppin and Richards, 1990; Morgan and Rickson,
1995; Schiechtl and Stern, 1996).

The territory of Altomonte is particularly charac-
terised by mountain areas with plain zones on only 10%
of the total surface of the territory. Concerning the gen-
eral meteorological conditions in Altomonte area, the
average temperature ranges from the minimum value
of 2°C in January to the maximum value of 24°C in
July, while the precipitations range from the minimum
value of 22 mm in July to the maximum value of 146
mm in December.

Focussing attention on the area of interest for the
project, it is possible to distinguish in the subsoil only
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clayey—sandy horizons of Pliocene—Pleistocene age. In
particular, the following distinctions could be noted:

Topsoil: 0 + 0.4/0.7 m: Constituted of sandy silt and
clayey silt with organic elements; brown colour with
local grey shades. Presence of gravel and rare cobbles,
that in some zones could be found more frequently.

Level A: 0.4/0.7 = 1.7/2.3 m: Soil horizon preva-
lently constituted of clayey silt with sand of brown
colour, natural transition of the upper topsoil. Con-
sistent level, locally with white shades caused by
calcium carbonate cementation and with dark red
shades.

Level B: 1.7/2.3 ~10/14 m: Clayey silt with fine
sand in traces of hazel-brown colour. Very consistent
level and rich in fossil fragments with red shades. Local



Figure 2. Excavation of the hills for the preparation of the site where the power station is under construction.

horizons of coarser material constituted by salt crystals
and fine white sand.

Level C: 10/14 = 46 m: Level represented by blue
clay varying from consistent to very consistent and
characterised by plastic behaviour.

The topsoil, before excavation, was used for the
planting of wheat and for this reason it was yearly sub-
jected to superficial works and chemical-organic ma-
nuring. The soil is not rich in nutrients or particularly
fertile, but it is adequate for the works on the slopes
described later. The plants established have similar be-
haviour to wheat. A further consideration was the po-
tential presence of weed seeds in the topsoil; perhaps
in the last period before the construction of the power
station, the fields, from which this soil was removed,
were left uncultivated, and for this reason the growth
of this vegetation was remarkable, in particular in the
autumn—winter season.

It should be underlined that the original design in-
volved the use of topsoil on every part of the slopes, but
this did not happen, may be because of the problems
encountered in the storage of all this material during
the excavation phase. In a project of this scale, as often
happens, the agronomic aspects are of a secondary im-
portance in comparison with practical engineering and
economical requirements. Thus, the composition of the
slopes is not homogeneous, and over the blue clay layer,
soils of different types can be found. In many cases the
topsoil is comparable to the soil identified as level A.

The slopes are inclined at 33—35% for an inclined
length of 35 m, interrupted by berms 4—5 m width. The
sub-layer is constituted almost exclusively of blue clay.
The excavated slopes in the clayey sub-layer was con-

sidered stable after a geotechnical analysis, while the
topsoil could be eroded by precipitation and runoff and
could translate to a potential failure surface between
vegetated soil and clay layer.

This paper aims at evaluating the different bioengi-
neering techniques used on site, the design and the re-
lated monitoring surveys; the scope of these surveys is
to confirm the success of the work, verifying the growth
of the species and of their roots. Quantitative results on
the contribution of the different types of gramineous
species to the increase in soil shear strength are dis-
cussed. The most obvious way in which plants stabilise
soils is by root reinforcement, the root tending to bind
the soil and to increase its shear strength (Bache and
MacAskill, 1984; Wu et al., 1979). For this effect, in
recent years, the use of vegetation in civil engineering
and landscape works has grown in importance, but spe-
cific design standards are still under discussion within
the use of vegetation for slope stabilisation.

Materials and methods
Revegetation works

The revegetation works of the slopes were designed and
developed by Vetivaria of Milan, a company specialis-
ing in bioengineering.

Species

The system developed was a technique of bioengi-
neering applicable for erosion control and superficial
soil reinforcement. This technology involved the use
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of perennial ‘gramineae’ plants, established with
a density of 24 plants/m’: these plants, in one or
two seasons, are able to enhance soil shear strength,
to modify surface water regime and even to reduce
pollutants, if they are present. These plants have the
function of pioneer species, which stabilise the soil
surface and can be associated with autochthonous
shrubs and trees; in this way the site should evolve
naturally with low maintenance. The use of perennial
“gramineae” species was only recently introduced in
Mediterranean areas (Pease, 2000), whilst it is already
practised widely in Asia and also in relation to slope
stabilisation (Hengchaovanich, 2003).

The revegetation works for the excavated slopes of
the power station allowed a gradual process of erosion
protection, soil reinforcement, the ability to improve
the soil geotechnical properties and the soil structure
and to add organic matter to the surface with the an-
nual renewal of vegetation. It was planned to establish
four different plants of perennial ‘gramineae’, with no
stolons. These plants have a radial vegetative growth
and a fascicle root system, and are able to reach great
depths even after the first vegetative seasons. Once
having considered the characteristics of the site, the
following perennial gramineae were chosen: Vetiver,
Pangrass, Eragrass, Elygrass. A brief description of
each species is reported here.

Vetiver (Vetiveria zizanioides L.). Vetiver (Figure 3a),
relatively unknown until the 1980s, is used for the ex-
traction of the essential oil from roots, for slope stability
and water resources conservation. The promotion of the
World Bank made this plant known as the model plant

(b)
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at world level for works of ‘green engineering’. This
plant is a bushy perennial ‘gramineae’ with rhizomes
producing many culms and with aerial development
up to 1.60 m in optimal conditions. It presents linear
leaves with light green plane lamina and root system
with numerous fibrous and cylindrical roots, able to
reach 4-5 m of depth. It does not produce spikes be-
cause a sterile clone is established that was selected by
genetic research for root development. Vetiver, thanks
to its reduced number of stoma and to the deep growth
of roots, resists very well both drought and immersion
in water, tolerating conditions of root asphyxia. It likes
to be exposed to full sun. It is also able to adapt itself
to a variety of soil conditions, from sand to clay. Plants
are able to grow in both acid and alkaline (4 < pH <
11) soils, in dry and moisty soils, in peat or in soils
with poor organic substances. It resists very high con-
centration of pollutants and heavy metals, i.e., Cd, Pb,
As, Al, Sn, Zn, Hg, Sb, Cr, Ni, etc., present in the soil
and which are extracted and retained inside the plant.
The plants start growing at soil temperature above 15°C
and in this condition, roots are able to grow up to 2 m
within the first two years, but they are able to reach
greater depths of 5 m, growing vertically and not in a
radial direction.

Pangrass (Panicum virgatum L.). This species origi-
nated in North America (Figure 3b) and shows a wide
genetic variability for a range of climatic conditions.
This plant is a bushy perennial ‘gramineae’ with short
and dark rhizome, producing many culms up to 2 m
high and with aerial development of 0.6-0.8 m in
optimal conditions. It presents persistent leaves, plane

© )

Figure 3. Perennial “gramineae” plants: (a) Vetiver, (b) Pangrass, (c) Eragrass and, (d) Elygrass.



and glabrous lamina up to 0.6 m long and 2 cm wide,
but sometimes lightly pubescent at the base. The root
system is characterised by numerous cylindrical roots
that are able to reach depths of 3—4 m. The flowers
mature in autumn and are constituted of spikes, more
compacted at the apex and very open at the base, up
to 0.5 m long. Pangrass, due to its reduced number of
stoma and to the deep growth of roots, resists very well
both drought and immersion in water, tolerating condi-
tions of root asphyxia. The plants start growing at soil
temperature above 15°C and in this condition, roots are
able to grow up to 0.6 m within the first 2 years. The
species requires exposition to the sun, adapts itself even
to rocky soils with optimum development in the sum-
mer and it flourishes with frequent precipitation. The
plants are hardy and have a discrete fodder value. They
die during winter and germinate again in spring. The
plant is able to reproduce both in pots and then with
planting on site, giving optimum vegetation within a
few months, as long as humidity and temperature are
both adequate.

Eragrass (Eragrostis curvala Nees). This species orig-
inated from South Africa (Figure 3c). This is the most
commonly planted species among the Eragrostis fam-
ily and also has ornamental scope. It is a perennial
‘gramineae’ with crown producing many culms and
with aerial development up to 1.20 m. It has lamina
up to 0.6 m long, rough on the upper side and of dark
green colour. Root system is characterised by numer-
ous fibrous, very thin roots, able to reach depths of
3—4 m. Dark olive green spikes mature in summer, are
open and are 0.3 m long. Eragrass prefers exposed lo-
cations, with warm, dry climate and sandy soil. The
plants should be established at soil temperature above
15°C and in this condition roots are able to grow up
to 0.6 m within the first 2 years. The species requires
exposure to sun, adapts itself even to rocky soils with
optimum development in the summer and it particu-
larly appreciates frequent precipitation. The plant dies
during winter and germinates again in spring. The best
propagation method for this plant is in a greenhouse
because of the limited dimensions of the seeds. The
species has got a discrete fodder value and could be
propagated by culm division.

Elygrass (Elytrigia elongata L.). This species origi-
nated in southeastern Europe but is now diffused in ev-
ery continent and is very vigorous and evergreen, even
in winter time (Figure 3d). It is a perennial ‘gramineae’

with crown producing many culms and with aerial de-
velopment up to 0.6—0.8 m. Its leaves are long, resistant
and erect, with culms that could reach the height of 1.0—
1.5 m. Root system presents numerous cylindrical and
very thin roots, able to reach depths of 2 m. Elygrass
prefers an exposed location, with a warm, dry climate
and sandy soil. Roots are able to grow up to 2 m within
the first 2 years. It has got a high resistance to salin-
ity and can flower twice a year, both in spring and in
autumn.

Technical operations of planting

After the excavated areas had been constructed, a cul-
tivation surface was carried out prior to planting. Fur-
rows of approximately 0.25-0.30 m deep were ex-
cavated using a caterpillar tractor with trench cutter
machine.

Plants were established with a density of 4 plants/m?
in parallel rows and mature manure was added locally,
in quantities of 40 g/m?, i.e., 10 g for each single plant,
with a high nutrient content, especially nitrogen. This
was advisable, as the nutrients are largely in a slow-
release form and become available as the organic matter
decomposes. The works involved an area of 46,400 m?
with a consequent placing of more than 200,000 plants.
In Table 1 the number of established plants, subdivided
among different species, is indicated.

A jute geotextile (mass per unit area: 700 g/m?),
completely biodegradable, was placed as mulch to help
and support the vegetative growth. It enhances micro-
climatic conditions (like temperature and soil moisture)
and organic matter-levels in the soil (Som et al., 2001).
It was fixed with timber stakes linked with a nylon rope
in order to resist the action of wind and runoff.

The period of time covered by the execution
of the works (17 November 2002-31 May 2003)
was characterised by very different climatic and
meteorological conditions, varying from exceptionally
rainy and cold winter months to a dry and warm spring
period. These different conditions made it more diffi-
cult for the plants to establish and they decreased their
growth rate.

Table 1. Number of plants for each species

Planted species Number of plants

Vetiver 39,901
Elygrass 44,392
Eragrass 57,352
Pangrass 59,024

115



At the end of the planting period, maintenance was
carried out with localised works, hand weeding and
considerable quantities of irrigation, because of the
high temperature and exceptional drought for that pe-
riod. The irrigation was carried out in the warmest pe-
riod between June and August, in double working shifts
from 6 a.m. to 6 p.m. with the daily dispersal of about
100,000 litres of water by a ‘jet-gun’. The water was
taken from a nearby stream and its quality was partic-
ularly good.

Monitoring programme

The considerable extension of the works and the use
of different vegetation species made periodic monitor-
ing of the entire site appropriate. Technical inspections
on site were carried out every 3 months for the first
year and once a year for the following 2 years, with
qualitative evaluations and with the measurements of
appropriate parameters.

The principal monitored parameters were the per-
centage of live plants, the height of the foliage and
the depth of the roots. The percentage of live plants is
the result of a numerical evaluation on a sample of 50
plants for each considered sector of the site. The height
of the foliage is the average of five measurements on
plants in the same sector, while the depth of the roots is
obtained from the direct measurement of plant roots ex-
tracted from soil. This last measurement is affected by
the extraction method of plants. Roots present a more
branched structure towards the apex with their diame-
ters diminishing rapidly. Thus, root systems are difficult
to extract without breaking their tips. During the ex-
traction operations, carried out with agricultural tools,
a certain number of roots were broken and their total
length reduced by approximately 30%—40%. Compar-
ing these results with others obtained employing a more
complex technique with water jet pressure, these higher
total lengths of roots could be measured and quantified
as 33% more than that obtained with the traditional
method. For this reason, the lengths of the roots mea-
sured on extracted plants were considered as equal to
66% of the real extension and consequently increased
in order to provide a more representative result.

Contribution of roots to soil shear strength
While the effects related to the presence of roots are
very well known from a theoretical point of view, the

research did not yet come to define a sufficiently consol-
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idated methodology for their quantification (Gray and
Sotir, 1996). Only few references were found in the lit-
erature concerning shear strength evaluation of rooted
soil in laboratory (Goldsmith, 1998; Operstein and Fry-
dman, 2000) and on site (Wu and Watson, 1998). In
order to quantify the contribution of roots to soil shear
strength, direct shear tests both on soil and on root rein-
forced soil, respectively, were carried out. These tests
were performed on undisturbed samples collected from
the site of Altomonte.

All these samples were specimens already prepared
to be tested in laboratory at different depths (respec-
tively, 0.2, 0.4 and 0.6 m), without placing additional
loads on the surface but leaving only acting the weight
of the overlying soil. This configuration reproduced the
situation on site of superficial soil movement.

The approach to perform tests on undisturbed sam-
ples containing roots was absolutely new and it has al-
lowed tests to be performed where plant growth and root
development have not been influenced by other factors.
Operstein and Frydman (2000) tested soil samples rein-
forced with root vegetation, but the plant grew in pots
in laboratory controlled conditions. Moreover, it was
considered the demand to define experimental meth-
ods which could be repeated and could be employed
to verify the effective stabilisation action of roots. This
result would have been reached only by adopting ex-
perimental methods, common for the geotechnical en-
gineering and conveniently adapted to the case under
study. For this reason it was thought to carry out direct
shear tests on large samples (200 mm in diameter), in
order to allow the complete development of the root
resistance mechanism.

The type of soil on the site of Altomonte allowed the
extraction of undisturbed samples of such dimension.
For this reason the first metre of soil was sampled in or-
der to carry out directly the shear tests on these samples
at three different depths. It was also decided to collect
three undisturbed soil samples, each containing a root
system for all the four considered ‘gramineae’ species.
To effectively quantify the increase in shear strength,
it was thought to retrieve also three samples of soil
alone from the same zone: this procedure allowed to
obtain samples almost homogeneous, considering the
nature of the soil. Fifteen undisturbed samples were
collected.

The steel samplers of 200 mm in diameter, having a
thickness of 1 mm and a height of 1 m, were prepared.
The sampling programme was carried out in March
2004 on an accessible area to the sampling equipment.



After having chosen the three specimens for each
of the four ‘gramineae’ plant species, their aerial parts
were cut to allow a better positioning and a perpen-
dicular penetration of the sampler. The entire system
was pushed under the soil surface, after having posi-
tioned the equipment and after having fixed the sampler
with screw bolts. This procedure was repeated for each
sampling.

The collected undisturbed samples were sealed with
wax application to keep constant moisture content and
were transported to the CESI Geo-department in Milan.

In March 2004, the steel samplers were opened just
before carrying out the direct shear tests, taking par-
ticular care not to damage them during this operation.
The samples were then wrapped in a transparent film
to be moved and then their heights and weights were
measured.

Direct shear tests were carried out in a large direct
shear device, designed to allow single shear and op-
portunely modified to perform this series of tests on
rooted soils. In fact, in order to perform tests on the
soil column about 1 m high, it was necessary to realise
a particular steel support, able to sustain and fix the
sample during the test, in such a way not to bend the
sample itself (Figure 4).

The shear test apparatus is constituted of two parts:
the lower part has the function to fix the sample at
the base, while the upper part is able to move in the
plane and was assembled with the steel support. Sam-
ples were inserted vertically and shear planes were lo-
calised respectively at depths (z) of 0.2, 0.4 and 0.6 m
below the soil surface.

The vertical stress normal to the shear plane was
provided by the weight of the overlying soil, without
applying additional loads on the surface. In correspon-
dence of the shear plane, a free distance of 10 mm was
left between the upper part and the lower part of the
shear test device. The transparent film, in which the
sample had been wrapped, was removed in the lower
part while it was left on the upper part to eliminate fric-
tion between the sample and the steel support during
test performing.

Direct shear tests were executed to a maximum dis-
placement of 33 mm, which represents the limit of the
apparatus, imposing a constant shear displacement ra-
tio of 0.2 mm/min, allowing to complete mobilise root
contribution to shear strength. The shear displacement
ratio adopted for this experimental programme was
the same as in the tests illustrated by Operstein and
Frydman (2000). Each test was completed in about six

Figure 4. Carrying out of direct shear test and positioning of the sample inside the steel support specifically created.
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Figure 5. Particle size distribution of an undisturbed soil sample.

working hours and the execution of all the scheduled
tests took about 1 month.

After shearing, the moisture content of the soil was
measured and values between 25% and 47% were reg-
istered, while the particle size distribution was deter-
mined for one sample (Figure 5). Originally, it was
planned to measure the rooted area (defined as the ratio
between the area of the roots and the total section area)
on the direct shear plane. However, the species under
test were herbaceous plants and were characterised by
very fine roots, thus this measure could not be executed
because it was not considered significant, as the roots
were either translated or torn.

Results and discussion
Revegetation works

August 2003

The variability of the environmental and climatic
conditions affected the first phase of plant growth. The
worst affected periods seem to be winter (December—
January), characterised by continuous rainfall which
created asphyxiated soil conditions; in spring (May),
characterised by very high temperatures, which was
a cause of stress in the planting period and in the
first phases of sprouting, even though the plants were
irrigated.
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Considering the different species, the best results
were observed for Pangrass and Eragrass, in particular
for the zones where the planting period was carried out
in spring (February—April), which had an exceptional
growth, both for the aerial vegetation and for roots.
Elygrass reflected its characteristic of autumn—winter
growth. Good results were achieved for winter plant-
ings, while the plants established during the already
very warm period of May were not so well developed.
Vetiver was slow to develop, but this is typical of this
species.

The sectors of slopes oriented towards north-west re-
vealed a high presence of weeds determined by a great
quantity of seeds in the topsoil. For this reason manual
removal operations were necessary to avoid competi-
tion with established perennial ‘gramineae’ plants.

The average percentage of sprouted plants for each
single species was 81% for Vetiver, 88% for Elygrass,
89% for Eragrass and 90% for Pangrass. The lowest
results, as can be observed from Figure 6, are related
to the establishment periods of December 2002 and
January 2003, due to the adverse meteorological con-
ditions of that period. The percentage of sprouted plants
for Vetiver is the lowest among all the species. It was too
early to establish definitive conclusions about height of
foliage and depth of roots because all the plants were
still in the active part of their growth cycle.

Finally, it could be concluded that the works achieved
good results for the first phase, considering the growth
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Figure 6. August 2003 monitoring results: percentage of sprouted plants.

120

100
80

O Vetiver

60

40

20 T
0

Height of foliage (cm)

@ Elygrass
W Eragrass
B Pangrass

Dec-02 Jan-03

Feb-03 Mar-03

Apr-03 May-03

Planting month

Figure 7. August 2003 monitoring results: height of foliage.

of plants taking into account the difficult climatic con-
ditions and the scarce fertility of the topsoil on the
clay sub-layer. In spite of a particularly warm and dry
period, plants had established well and showed a vigor-
ous first growth. The nutrient-irrigation interventions
allowed the plants to establish without suffering with-
ering from exceptional heat. The results of this survey
are presented in Figures 6-8. A picture of the works in
August 2003 is illustrated in Figure 9.

November 2003

The growing season could be considered to end in
November and thus was the appropriate time to eval-
uate the definitive growth of plants and the eventual
need to replace those which have failed. The measured
parameters and the gathered data during the monitoring
carried out in November were the same as the previ-
ous one in August. The analysed plants were chosen
in a random manner in the same zones monitored in
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Figure 8. August 2003 monitoring results: depth of roots.
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Figure 9. View of the area August 2003.

August. The results are presented in Figures 10-12. In
general, it could be affirmed that the planting achieved
a good result, obtaining a percentage of sprouted plants
between 90% and 100%. The plants had to go through
a particularly difficult summer period, with one of the
warmest summers among the last 50 years, with tem-
peratures that reached values of 38°C. The plants com-
pleted their biological cycle, with the exception of Ely-
grass which normally carries out its cycle during the
autumn—winter period. The jute geotextile was very ef-
fective and remained fixed to the soil, keeping it wet
for all the summer period and avoiding the propagation
of weeds.

100%

80% -
60% -
40% -
20% -

0% -

Percentage of sprouted plants

Some sectors of the slopes were affected by mainte-
nance works such as manuring, removal of weeds and
substitution of died plants. Other parts of the project
reached lower development level compared with the
rest of the installation. In particular, the sectors planted
during May, when the temperature was already too high
and the emergency irrigation operations were not suf-
ficient, show a low development. The plants situated
in these sectors had a survival rate of 95%—100%, but
showed weak growth and yellowing of the leaves due
to burning and to lack of nutrition. Anyway, this phe-
nomenon involved only a very small part of the whole
area (3%—5%).
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Figure 10. November 2003 monitoring results: percentage of sprouted plants.
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Figure 11. November 2003 monitoring results: height of foliage.

The extraction of the plants for the measurements of
the roots was complicated by the growth of roots that
had reached the hard clay layer. The effective length of
roots was estimated using the same method adopted for
the first monitoring campaign (i.e., in August 2003).

The percentage of sprouted plants increased: the av-
erages for each single species had risen from 81% to
84% for Vetiver, from 88% to 93% for Elygrass, from
89% to 98% for Eragrass and from 90% to 98% for
Pangrass. The lowest results, as can be observed from
Figure 10, are related to the establishment periods of
December 2002 and January 2003, when plants were
subject to adverse meteorological conditions. The per-
centage of sprouted plants for Vetiver is the lowest
among all the species; although Vetiver was initially
affected by difficulties in the establishment period, it
showed good results for the height of foliage and for
the depth achieved by roots (Figures 11 and 12).

Considering the different species, the best results
for root growth were achieved by Vetiver (roots aver-

age length 545 mm), Pangrass (500 mm) and Eragrass
(475 mm), while for Elygrass (395 mm) it was too
early to establish definitive results because it had not
commenced its growth cycle which takes place during
winter months. From the physiologic point of view, this
is reasonably ascribed to the quality of the topsoil, with
the addition of nutrients and manure, as a nutritive re-
source and of the sterile clay layer as a water source,
able to maintain its capacity of water retention.

The results showed conclusively that within 5-6
months of establishment, the root systems have devel-
oped sufficiently to grow through the upper topsoil layer
(0.2-0.3 m) into the underlying clay layer. A picture of
the revegetated slopes in November 2003 is illustrated
in Figure 13.

Contribution of roots to soil shear strength

In Figure 14, the shear strength values, evaluated in
correspondence with the maximum shear stress values
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Figure 12. November 2003 monitoring results: depth of roots.

121



Figure 13. View of the area in November 2003.

registered after the direct shear tests, are presented.
These data are expressed in function of the normal
stress o, represented by the weight of the soil over the
shear plane and calculated on the base of the weight
and of the height measures for each sample. A more
detailed description of the results is given by Cazzuffi
and Crippa (2005). It should be added that, even if
the normal stresses are very low, the measured shear

stresses are in very good accordance with the results
found in the literature.

In Figure 14, parallel lines are traced, each corre-
sponding to a particular species, that are a reasonable
approximation to the trend in the data. In particular,
this approach was based on the results of Operstein
and Frydman’s (2000) study who, from numerous shear
tests carried out on plants cultivated in apposite pots,
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Figure 14. Maximum shear stresses against normal stress registered after direct shear tests.
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noticed how, according to different species, trend lines
corresponded to parallel lines. These authors con-
cluded that the presence of vegetation roots causes the
increase in the soil shear strength and in particular the
increase in the cohesion, while the friction angle re-
mains substantially unchanged.

The individuation of the trend lines was realised on
the base of the results of the shear tests obtained on the
soil samples with Pangrass roots. The traced trend line
brought to a cohesion of 14 kPa and a friction angle of
about 30°. This result was then extended to the other
points on the graph, in order to have five parallel lines.
It is effectively difficult to observe a good approxima-
tion of the extrapolated trend lines to the data, but it
should be considered that data point are not so numer-
ous and a certain variability is more than reasonable
for tests on soils incorporating vegetation. Neverthe-
less, the contribution of roots to the soil shear strength
is evident. In each test, the shear strength values of soil
samples with roots are always higher than the values
obtained from tests on soil samples without roots.

The root tensile strengths of the considered
‘gramineae’ species were determined by testing in lab-
oratory different root systems sampled on site (Cazzuffi
and Tironi, 2003). For the four species considered
in this experimental programme, the tensile strength
ranges are as follows:
 Elygrass: 25-70 MPa
 Eragrass: 38-55 MPa
e Pangrass: 15-23 MPa
 Vetiver: 25-60 MPa

As it can be noticed from the results of this research,
there is a certain influence of the root tensile strength
on the increase in soil shear strength. In fact, Elygrass
and Vetiver, characterised by the highest root tensile
strengths, are the species that were able to offer the
highest increase in soil shear strength. On the other
hand, the lowest shear strengths corresponded to the
soil samples containing Eragrass and Pangrass root sys-
tems. Also in this case the variability related to tensile
strength intervals should be considered.

With reference to Figure 14, the parallel trend lines
are comprised in a range of cohesion of about 15 kPa
and in particular the increase in shear strength is rang-
ing between 2 kPa and 15 kPa, which is close to
what Operstein and Frydman (2000) found. Moreover,
Bache and MacAskill (1984) explained that the in-
crease in soil shear strength due to the roots could
vary between 3.4 kPa and 17.2 kPa. Also Belfiore and
Urciuoli (2004), on the basis of tensile tests carried out

on Arundo Plinii and Poa Pratensis roots (species be-
longing to the family of ‘gramineae’) and after having
developed a theoretical model on the root behaviour,
obtained a maximum increase in shear strength of about
20 kPa.

Thus, the experimental study presented in this sec-
tion of the paper seems to confirm that the values ob-
tained for the increase in shear strength represent the
actual magnitude of the reinforcement offered by the
presence of the root systems. Surely, this increase is a
function of the root tensile strength and of the cross-
sectional area occupied by the roots, even if this param-
eter was not considered for this research. On the other
hand, authors like Operstein and Frydman (2000) con-
sider it of smaller importance than tensile resistance of
roots. It is then necessary to take into account that the
influence of the roots to the soil shear strength cannot
be a constant value but has to diminish with depth until
zero, where roots are not present. Generally, it could
be affirmed that the maximum influence limit is about
2-3 m, for species characterised by root systems able
to reach high depths.

Conclusion

The paper shows the good results achieved in the Al-
tomonte revegetation works in terms of sprouted plants,
aerial growth of plants and root development. In this
way, it could be considered that the principle aim of
the work to link the topsoil to the clay sub-layer can be
achieved, therefore reducing the risk of shallow insta-
bility and soil erosion. Moreover, it was demonstrated
the importance of monitoring, maintenance and after-
care of bioengineering works, that, in the early years,
can be subjected to failures caused by difficult climatic
and environmental conditions.

The results obtained from direct shear tests allowed
to reveal the influence of roots by direct comparison
of tests on soil samples with roots and on soil samples
without roots. Following the approach of Operstein and
Frydman (2000), it was observed how the increase in
soil shear strength can be understood to be the result
of an increase in cohesion, which was quantified in a
range between 2 and 15 kPa, in optimum accordance
with other studies. In particular, it was stressed how the
increase in the soil shear strength depends on the con-
sidered species and it was also emphasised that the in-
crease is a function mainly of the tensile strengths con-
tributed by the root systems. This conclusion justifies
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the growing interest on the ‘gramineae’ species here
analysed and in particular on the Vetiver type. These
species, in fact, are characterised by very resistant roots
and the present study confirms how they, and all the
other species with similar properties, could be success-
fully used with stabilising effects on phenomena like
shallow instability.

References

Bache D H and MacAskill I A 1984 Vegetation in Civil and Land-
scape Engineering. Granada, London, UK.

Belfiore G and Urciuoli G 2004 Analisi del contributo meccanico
delle radici alla resistenza del terreno (Interpretation of the root
mechanical contribution to the soil shear strength). /n Proceedings
of the Annual Meeting of the Geotechnical Researchers 2004 —
TARG 2004, Trento, Italy (CD rom in Italian).

Cazzuffi D and Crippa E 2005 Shear strength behaviour of cohe-
sive soils reinforced with vegetation. /n: Proceedings of the 16th
International Conference on Soil Mechanics and Geotechnical
Engineering, Osaka, Japan, pp. 2493-2498.

Cazzuffi D and Tironi F 2003 Contribution of roots to slope stability:
an overview of typical results for different plants. /n Proceedings
of the International Conference “Fast slope movements prediction
and prevention for risk mitigation,” Napoli, Italy, Vol. 1, pp. 101-
105.

124

Coppin N J and Richards I G 1990 Use of Vegetation in Civil Engi-
neering. Butterworths, London, UK.

Goldsmith W 1998 Soil reinforcement by river plants: progress
results. /n Proceedings of the ASCE Conference on wet-
lands engineering and river restoration, Denver, USA, pp. 301—
306.

Gray D H and Sotir R B 1996 Biotechnical and Soil Bioengineering
Slope Stabilisation: A Practical Guide for Erosion Control. Wiley,
Chichester, USA.

Hengchaovanich D 2003 Vetiver system for slope stabilization. /n
Proceedings of 3rd International Vetiver Conference, Guangzhou,
China, pp. 301-309.

Morgan R P C and Rickson R J 1995 Slope Stabilization and Erosion
Control. A Bioengineering Approach. E & FN Spon, London, UK.

Operstein V and Frydman S 2000 The influence of vegetation on soil
strength, Ground Improvement 4, 81-89.

Pease M 2000 The European and Mediterranean Vetiver Network.
In Proceedings of the Second International Vetiver Conference,
Thailand, pp. 185-187.

Schiechtl H M and Stern R 1996 Ground Bioengineering Techniques
for Slope Protection and Erosion Control, Blackwell, Oxford, UK.

Som N, Rao P J and Sanyal T 2001 A Manual on Use of Jute Geo-
textiles in Civil Engineering. Jute Manufacturers Development
Council, Hooghly Printing, Kolkata, India.

Wu T H and Watson A 1998 In situ shear tests of soil blocks with
roots, Can. Geotech. J., 35, 579-590.

WuTH, McKinnel W P and Swanston D N 1979 Strength of tree roots
and landslides on Prince of Wales Island, Alaska, Can. Geotech.
J, 16, 19-33.



Root system morphology and anchorage



Root system asymmetry of Mediterranean pines

P. Ganatsas'? & 1. Spanos?

' Laboratory of Silviculture, Aristotle University of Thessaloniki, PO. Box 262,54 124, Thessaloniki, Greece.
2Forest Research Institute, NAGREEF, Vassilika, 57006, Thessaloniki, Greece. > Corresponding author*

Key words: cross-sectional root area, Pinus brutia, Pinus halepensis, root architecture, root asymmetry

Abstract

Three groups of Mediterranean pines were examined to describe the development of root symmetry on sites
characterized by shallow soils and low water availability. Sampling included: (1) 3-year-old planted seedlings of
Pinus halepensis Mill. taken from Sithonia Halkidiki, northern Greece, (2) 5-year-old natural regenerated seedlings
of Pinus brutia Ten. taken from Kedrinos Lofos, Thessaloniki and (3) 65-year-old trees of Pinus brutia taken from
Kedrinos Lofos, Thessaloniki. Root system symmetry was examined by measuring the number, the diameter, the
cross-sectional area, the root area index and the length of the lateral roots of each root system, and by analyzing
their distribution around the stem. Aboveground plant symmetry was also estimated. The findings of the study
indicated that there was an asymmetric root system in all three groups that is characterized by the concentration of
the main laterals along the contour lines instead of uphill or downhill; however, the asymmetry was much higher in
the young plants. This asymmetry was not correlated with the above-ground plant growth form, which was found
to be symmetric. The asymmetric development of root can be attributed to the shallow soil and the high mechanical
resistance of the underground bedrock that stopped the taproot growth, restricted the root penetration in the deeper

layers and obliged the roots to elongate towards the surface soil layers, where there is more available water.

Introduction

In situ investigations on root systems face many prac-
tical difficulties. However, the development of a root
system, capable of anchoring the shoot and obtaining
water and nutrients, is essential to the terrestrial plants’
survival and growth (Bengoughetal., 1997; Clark etal.,
2003). Since the environment of root systems is highly
heterogeneous both in time and space, it appears im-
portant that the root systems have the ability to react
to that heterogeneity, even at a local level within the
root (Stokes et al., 1998); in other words they possess
phenotypic plasticity (Fitter, 1991).

Usually, shallow forest soils in combination with
high soil consistency affect root architecture since root
elongation is permitted only when the root pressure
exceeds the soil mechanical impedance. Drought also
increases penetration resistance of the soils (Moroni

* E-mail: pgana@for.auth.gr

et al., 2003) as soil strength increases with decreas-
ing soil water content (Clark et al., 2003). Pathways
of lower mechanical impedance give rise to preferen-
tial root growth. As a consequence, the distribution of
roots in a soil profile depends on soil depth and the me-
chanical resistance of the different soil layers. When
the root-impeding layers are near the surface, they will
slow the downward root growth that results in a shal-
lower root system which finally will be restricted to the
upper part 76 of the soil profile (Bennie, 1991; Ehlers
et al., 1983).

Root systems of forest trees are often markedly
asymmetric and there are many factors that affect asym-
metry. However, most of the relevant work has been car-
ried out on species with shallow root systems due to the
problems of windthrow (Coutts et al., 1999; Mickovski
and Ennos, 2002; Nicoll and Ray, 1996). These findings
conclude that the root system of many plant species is
often asymmetric. Root systems of trees growing un-
der adverse site conditions such as shade or water stress

This article has been previously published in the following journal—Plant and Soil, Volume 278, 75-83.
Stokes et al. (eds), Eco- and Ground Bio-Engineering: The Use of Vegetation to Improve Slope Stability, 127-134. 127
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may be less symmetrical than normal but there is no
information on this (Coutts et al., 1999; Ganatsas and
Tsakaldimi, 2003). Concerning trees growing on slopes
the reported results are quite controversial; Nicoll et al.
(1995) found most roots of Sitka spruce on down-slope
side of trees, but, Nicoll and Ray (1996) found for the
same species most root mass up-slope; it should be no-
ticed that in both cases root mass was concentrated on
the side away form the prevailing wind direction. How-
ever, Sundstrom and Keane (1999) reported that both
numbers of roots and root area seemed to concentrate
along the contour lines.

The Mediterranean pines Pinus halepensis Mill. and
Pinus brutia Ten. are considered two important tree
species for reforestation in the Mediterranean region
because they are early successional species, they have a
woody deep tap root with vigorous laterals and they are
drought tolerant. In deep soils, the diameter of taproot
reaches 15-20 cm at a depth of 1 m, while in shallow
soils they form a shallow root system (Moulopoulos,
1962).

This research was an in situ study of the root archi-
tecture of Pinus halepensis and Pinus brutia grown on
sites characterized by shallow soils and low water avail-
ability, with the aim of examining to what extent their
root system is asymmetric, what the changes are with
the tree age and if there is any relationship between root
asymmetry and above-ground plant growth.

Materials and methods
Site description

The study was carried out in two areas, the reforestated
area of Sithonia Chalkidiki and the artificial periur-
ban forest of Thessaloniki. Both areas are characterized
by adverse ecological conditions, namely, shallow soil,
high mechanical resistance of the underground bedrock
and low water availability (Ganatsas and Tsakaldimi,
2003; Tsitsoni, 2001). The altitude of both studied ar-
eas ranges from 100 to 200 m. According to data from
the meteorological station of Saint Mamas and the Uni-
versity of Thessaloniki (for the two respective areas),
the climate is Mediterranean, with a mean annual pre-
cipitation of 420 mm and 397 mm, respectively; the
dry period lasts from April or from the middle of May
to the end of September. The vegetation of the first
area belongs to the Oleo-lentiscetum association while
the second to the Ostryo-Carpinion alliance (Tsitsoni
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et al,, 2004). Geologically, the Sithonia peninsula
belongs to the Axios zone and Circum Phodope zone;
the rock materials are mainly igneous (granites) and
crystalline schists. The area of the peri-urban forest
belongs to magmatic series of Chortiatis and consists
mainly of green-schists. The soils of both areas are
slightly acid up to neutral (pH 5-6.8), and they are
characterized by weak structure, low porosity and high
percentage of stones and pebbles resulting from soil
compaction due to repeated fires and overgrazing. The
soil depth ranges from 20 to 30 cm in the first case
and from 40 to 50 cm in the second case. Usually, the
limiting factor for plant survival and growth in both
areas is the low soil water availability during the long
dry summer period (Ganatsas and Tsakaldimi, 2003;
Radoglou, 1987; Tsitsoni, 2001).

Root sampling

Three groups of trees were sampled for above and
below-ground measurements. These were: (1) 3-year-
old planted containerized seedlings of Pinus halepensis
taken from Sithonia Halkidiki, northern Greece (2) 5-
year-old natural regenerated seedlings of Pinus brutia
taken from Kedrinos Lofos, Thessaloniki and (3) 65-
year-old trees of Pinus brutia taken from Kedrinos Lo-
fos, Thessaloniki. The third group was selected in order
to compare the results and to investigate the changes
with age from the young individuals to an advanced
(mature) stage.

For each of the first two cases 12 randomly selected
seedlings or saplings were extracted for 77 root sam-
pling; root excavation was made manually giving spe-
cial attention to avoid root damage. The third group
consisted of 12 trees of Pinus brutia that were selected
during the Thessaloniki ring-road construction; these
trees were cut and their stumps were extracted after the
excavation performed during the roadworks. The tree
selection included trees with roots that had been least
damaged.

The trees were prepared for measurements by re-
moving the litter around the stem, and the root system
was revealed by careful removal of the soil (Mickovski
and Ennos, 2002). Then, for each single root system of
the first two groups of sampling, the following param-
eters were measured iz situ, in their original positions:
the number of medium sized lateral roots (d > 1 mm),
the depth of their origin at the tap root, their verti-
cal angle, their orientation using a compass and their
length; as it was difficult in many cases to define the
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Figure 1. Details on the method of root sampling; the figure shows the distances from the center of root system (in centimeter) to where the
CSA was measured and the separation of the four sectors of 90°. The direction of maximum roots was always found to be parallel to the contour

lines regardless of the slope orientation.

end of roots, a minimum diameter limit of 0.2 mm was
chosen as root ends. Each root system was divided in
situ into four sectors of 90° that were based on the
four directions of the slope; two directions of contour
lines and uphill and downhill (Figure 1). The direction
of maximum roots (the thickest and longest laterals)
was then determined for each root system, according
to the root field measurements. The diameter of each
root was recorded at four distances from the stem center
(Figure 1), 0 (the edge of the stem), 30, 60 and 100 cm
using callipers (Sundstrom and Keane, 1999). The root
diameters were taken in two directions on every occa-
sion to get the cross-sectional area (CSA) of the root.
The numbers of all roots and their CSA were totaled
for each distance separately and for the entire root sys-
tem. Number of roots, CSA and total root length were
summed up for each of the four sectors and for the
entire root system. The root area index (RAI), an in-
dex of evenness of root distribution in the four sectors,
was used to estimate the root asymmetry (Lindstrom
and Rune, 1999). This index was calculated as the ra-
tio between root area in the sector with the largest root
area (maximum roots) and the total root area. For an
evenly distributed root system the RAI is 0.25 while
higher RAI indices indicate a more asymmetrical root

system. However, in the third group only the coarse lat-
erals (d > 10 mm) were measured since more detailed
measurements were not feasible. For the same reason
the CSA at the edge of the stump and the root length
measurements were omitted.

Above ground measurements

The above-ground measurements were carried out in
all sampled trees. Radial crown width and diameter of
three dominant branches were measured in two direc-
tions; the direction of the maximum roots and the op-
posite direction. Based on the branches’ diameter, the
CSA of the maximum branches was calculated. The
stem diameter was measured in the direction of con-
tour lines as well as in the direction perpendicular to
them. Finally, the total plant height was measured.

Statistical analysis

The statistical analysis was accomplished by SPSS sta-
tistical program. The comparison of means between the
four sectors was assessed by one-way ANOVA followed
by Waller—Duncan test (P < 0.05, Norusis, 2002). Cor-
relations between above and below-ground parameters
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Table 1. Number of roots recorded in the three groups of samples (3-year-old Pinus halepensis seedlings, 5-year-old Pinus brutia saplings and

65-year-old Pinus brutia trees) in the four sectors and totally

Number of roots in the four sectors

Contour lines Uphill Downhill
Direction of Opposite Total number
maximum roots direction of roots
3-year-old seedlings 2.4 (0.14)a 1.8 (0.12)b 0 0 4.2 (0.28)
of Pinus halepensis
5-year-old saplings 5.8(0.41)a 5.7 (0.40)a 4.4 (0.28)b 3.6 (0.37)b 19.5 (1.31)
of Pinus brutia
65-year-old trees 15.8 (1.1)a 12.2 (0.8)b 11.5 (0.8)b 10.0 (0.9)c 49.5(2.3)

of Pinus brutia*

*The values concern only the coarse roots (diameter >10 mm).

Values are means and standard errors of mean (in parenthesis). Values in the same row followed by different letters are significantly different

(P < 0.05, Waller—Duncan test).

were tested with Spearman’ bivariate correlation
coefficient.

Results
Root characteristics

The number of medium-sized roots was found to be
very low in the case of 3-year-old Pinus halepensis
seedlings; an average of 4.2 lateral roots per seedling
were recorded (Table 1); the remaining roots were thin-
ner and usually their development was restricted to
within the space occupied by the growing medium. The
number of roots was much greater in the case of 5-year-
old naturally regenerated saplings of Pinus brutia; the
average number of roots in this case was 19.5 later-
als per individual. Mature trees exhibited an average
number of 49.5 coarse roots (d > 10 mm) and a much
greater number of medium and fine roots (Ganatsas and
Tsakaldimi, 2003) that it was unfeasible to record.
The percentage of cross-sectional root area (CSA) of
the medium-sized roots near the stem decreased with
the age of the plants. It was on average 78% of the total
root CSA in the case of 3-year-old Pinus halepensis
seedlings (Figure 2a), as no roots were recorded further
than 100 cm from the centre of the root system, and
very few roots were found further than 60 cm from
the centre. A lower percentage was found in 5-year-
old Pinus brutia saplings (65%) as the contribution
of the CSA recorded in the other distances increased
(Figure 2b). In the case of 65-year-old trees of Pinus
brutia, a lower decrease rate of the CSA of coarse roots
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with the distance was observed (Figure 2¢). Thus, the
main root volume in the first two cases was recorded
within a distance of 30 cm around the centre of the
stem while in the third case it was observed within the
distance of 60 cm from the stump. Roots originating
from the upper part of the root system were the thickest
and the longest. In the case of young trees, these laterals
originated from a depth of 5—-15 cm while in the case of
mature trees they originated from a depth of 10-30 cm.
However, most of the roots originated from the taproot
and they developed almost horizontally, parallel to the
soil surface (their vertical angle was in almost all cases
above 75°).

The total root length was on average 128.7 cm
per seedling in the case of 3-year-old Pinus halepen-
sis seedlings, while it was found to be much higher
(1452.5 cm) in the case of 5-year-old saplings of Pinus
brutia (Table 2).

Root asymmetry

The general trend observed in both pine species was
that almost all the sampled plants developed their main
lateral roots concentrated along the contour lines or
with small deviation downwards on the slope, instead
ofuphill or downbhill (Table 1); this resulted in an asym-
metrical root development in all cases. The direction
of maximum roots was always found to be at one of
the two sectors along the contour lines, regardless of
the slope orientation. The number of roots (Table 1), the
CSA (Figure 2a—c) and the sum of root length (Table 2)
were asymmetrically distributed around the stems.
The RAI index was very high (0.79) in the case of
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3-year-old Pinus halepensis seedlings, and lower (0.42 year after outplanting almost all the roots grew within
and 0.33) in 5-year old Pinus brutia saplings and ma- the space occupied by the growing medium; there were
ture Pinus brutia trees, respectively (Table 3). The root only few main laterals per seedling that elongated to
growth pattern in the case of the planted Pinus halepen- the physical soil, in the same direction parallel to the
sis seedlings was very characteristic; during the first soil surface, reaching a length of 50-70 cm. The same
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Table 2. Sum of root length recorded in the two groups of samples (3-year-old Pinus halepensis seedlings and 5-year-old Pinus brutia

saplings) in the four sectors and totally

Sum of root length in the four sectors (cm)

Total root length in cm

Contour lines Uphill Downhill
Direction of
maximum Opposite
roots direction
3-year-old 93.7(7.1)a 35.02.2)b 0 0 128.7 (8.1)
seedlings
of Pinus
halepensis
5-year-old 517.8 (53.6)a 406.0 (32.3)ab 280.3 (32.7)bc 248.4 (38.9)c 1452.5 (112.7)
saplings of

Pinus brutia

Values are means and standard errors of mean (in parenthesis). Values in the same row followed by different letters are significantly different

(P < 0.05, Waller-Duncan test).

pattern seems to be followed by the 5-year old naturally
regenerated saplings of Pinus brutia, where the num-
ber of main laterals was higher and some of them were
found in the opposite direction.

Relation of above and below ground plant dimensions

The average above-ground dimensions of the sampled
pines are shown in Table 3. In contrast to the observed
root asymmetry, the aboveground plant development
was symmetric in all cases. Using either the fractions
of crown width or the fractions of the CSA of the max-

imum branches and the stem diameter ratio, the tree
crown and stem were found to be symmetric in all three
groups of pines. No significant correlation was found
between crown asymmetry fractions and below-ground
parameters (P > 0.05).

Discussion

According to the analysis of all the three groups of sam-
ples, root system asymmetry was common in the stud-
ied Mediterranean pines. Both species (Pinus halepen-
sis and Pinus brutia) as young seedlings and mature

Table 3. Plant above-ground dimensions (height, diameter), crown asymmetric fractions (values recorded in the direction of maximum roots

divided by the respective values of the opposite side) and RAI in the sampled individuals

Plant Stem Stem diameter Root area
height (m) diameter (cm) ratio® Crown asymmetry fractions index
Cross-sectional
area of the RAI®
Radial crown maximum
width branches
3-year-old seedlings 0.33(0.01) 0.68 (0.03) 1.00 0.98 1.00 0.79
of Pinus halepensis
S-year-old saplings 0.65 (0.02) 2.02 (0.08) 1.00 1.00 1.01 0.42
of Pinus brutia
65-year-old trees 11.80 (0.29) 29.20 (1.01) 1.02 0.97 1.02 0.33

of Pinus brutia

2 The value is the fraction of the diameter values recorded in the direction of contour lines divided by the values recorded in the vertical to it

axis.

b The ratio between the root area in the sectors with the largest root area and total root area. Higher values imply a more asymmetrical root

system.

Values are means and standard errors of mean (in parenthesis where appropriate).
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trees, planted or natural regenerated, developed their
root system asymmetrically, which means that the tree
root system is very susceptible to site stress factors
during the whole plant life. This root asymmetry con-
firms that roots react to environmental modifications
and show the plasticity of root systems (Fitter, 1991).
Both, number of roots and root area, were mostly con-
centrated along the contour lines instead of uphill or
downhill. This pattern of root system seems to allow
for efficient water and nutrient uptake from the soil lay-
ers. Similar root orientation pattern was observed by
Sundstrom and Keane (1999) for 10-year-old Douglas-
fir trees. However, as only a few medium-sized roots
were found in the case of 3-year-old Pinus halepensis
seedlings this can be attributed to the great difficul-
ties that the seedlings face during the first year after
outplanting (a crucial period for seedling survival and
growth (Tsakaldimi, 2001), combined with the high
soil compaction of the area (Tsitsoni, 2001). Number
of roots and total root length were found much higher in
5-year old naturally regenerated seedlings of Pinus bru-
tia; this may show a greater adaptability of the naturally
regenerated seedlings compared to the planting ones
(Lindstrém and Rune, 1999). Also, the site conditions
were better in the second case; the soil depth was much
greater, 40—-50 cm vs. 20-30 cm in the previous case.
The main laterals were observed to originate from
the upper part of the taproot, as perhaps they have an
advantage over deeper roots because they are the first
to receive assimilates from the shoots (Coutts et al.,
1999), while roots that originated from the lower part
were smaller. Analyzing the changes of root asymme-
try with age, it seems that the size of the main laterals
increased with the age, while a clear typical taproot sys-
tem was absent in all cases. However, the asymmetry
was much higher in the young seedlings; as the trees
grow, the symmetry of the structural root system maybe
increasingly influenced by adaptive secondary growth
related either to wind sway (Coutts et al., 1999) or to
the exploration of microsites for more available water.
Thus, young planted seedlings of Pinus halepensis had
a more asymmetric root development (higher RAI in-
dex) than the 5-year old naturally regenerated saplings
of Pinus brutia while the mature trees generally showed
a better and more uniform root distribution. The find-
ing that root distribution is improved by trees age has
also been reported earlier (Lindstrom and Rune, 1999).
The observed root asymmetry was not correlated
with the above-ground tree form which was found to be
symmetric in all cases. This crown symmetry indicates

that wind has a minor effect on tree growth, including
probably root-system growth. Furthermore, according
to the local meteorological data there is no great risk
from wind in the studied areas; the winds are seldom in-
tensive enough to cause problems to tree stands. Taking
into account that the risk from wind is very low during
the early stages of tree life we concluded that the deci-
sive factor for root development in our case, which re-
sults in root asymmetry, is the shallow soil that stopped
the growth of the taproot in combination with the soil
water scarcity; these probably have a more serious ef-
fect on distribution of the roots, than any climatic factor.
In contrast to that, many studies reported that the root
asymmetry of several tree species, mainly with shal-
low root systems, is attributed to the requirement for
the tree to withstand winds (Coutts et al., 1999; Mick-
ovski and Ennos, 2002, 2003; Nicoll and Ray, 1996).
However, Konstandinidou (1998), in Kassandra penin-
sula North Greece, found that Pinus halepensis trees
grown on deep soils on marls have a tap root system
at the ages of 23 and 48 years and a heart-shaped root
system at the ages of 70 and 100 years.

The results obtained from this work suggest that the
existence of shallow soil and the mechanical resistance
of the underground bedrock in combination with low
soil water availability caused a modification of the typi-
cal tap rooted pine root system. The taproot growth has
stopped, the root penetration in the deeper soil layers
was restricted and the laterals were obliged to elongate
towards the surface soil layers probably in the direc-
tion of the existence of preferential pathways for water
infiltration in the surface soil (Builet et al., 2002); this
growth pattern results in a root asymmetry. However,
this root asymmetry decreases with age and it was not
correlated with the above-ground tree form.

Finally, the authors believe that considerations of
root system modification of Mediterranean pines could
contribute to a better management of stands. It is sug-
gested that more space be provided for each tree along
the contour lines rather than perpendicular to them, by
thinning methods and planting spacing. However, more
studies are needed to improve the knowledge on the tree
root modifications under Mediterranean conditions.
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Root morphology, stem growth and field performance of seedlings of two
Mediterranean evergreen oak species raised in different container types
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Abstract

Outplanting container-grown oak seedlings with undesirable shoot and root characteristics result in poor establish-
ment and reduced field growth. The objective of this study was to determine the influence of container type on both
above-and below-ground nursery growth and field performance of one-year old tap-rooted seedlings Quercus ilex
L. and Quercus coccifera L. The experiment was conducted in an open-air nursery and the seedlings were grown in
three container types. At the end of the nursery, growth period seedlings’ shoot height, diameter (5 mm above root
collar), shoot and root biomass, root surface area, root volume and total root length were assessed. Then the seedlings
were planted in the field and their survival and growth were recorded for two growing seasons after outplanting. The
results showed a difference between the Quercus species in the effect of container type. Q. ilex seedlings raised in
paper-pot had significantly greater height, diameter, shoot and root biomass and root volume than those raised in the
other two container types. Similarly, Q. coccifera seedlings raised in paper-pot, had significantly greater above-and
below-ground growth than those raised in the other two container types. Both oak species showed relatively low
survival in the field; the mortality was mainly observed the first year after outplanting, especially after the summer
dry period. However, 2 years after outplanting, the paper-pot seedlings of the two oak species showed better field
performance.

Introduction In eastern Spain as well as in Greece, the field sur-

vival and growth of planted Mediterranean oaks are

In ecological studies, the evergreen sclerophylls are
regarded as one of most typical components of the
Mediterranean type vegetation (Saleo and LoGullo,
1990). Many restoration projects have established plan-
tations of these evergreen resprouting species (Vallejo
etal.,2000; Vilagrosaetal., 2003). Despite the great ef-
forts in oak regeneration research, the successful plant-
ing of oaks is still fraught with uncertainty (Pope,
1993). Early attempts to introduce broad-leaved re-
sprouting species to the Mediterranean basin (e.g.,
Quercus species) faced high seedling mortality, and
until recently, nursery and field techniques were poorly
developed for these two species (Pausas et al., 2004).

* E-mail: marian@for.auth.gr

frequently very low (Hatzistathis et al., 1999; Pausas
et al., 2004; Tsakaldimi, 2001; Vilagrosa et al., 2003;
Villar-Salvador et al., 2004).

The poor development of Quercus seedlings plan-
tations, in some cases, could be attributed to the low
quality of the planted seedlings. Nursery cultivation
regimes can strongly determine the functional char-
acteristics of seedlings and their field performance
(Landis et al., 1990; Simpson, 1995; Villar-Salvador
etal., 2004). For instance, during the container seedling
production, container size, growing density and design
characteristics of the containers are important deter-
minants of seedling quality (Landis et al., 1990). The
volume of the cavity is one of the most obvious and im-
portant characteristics of a container because in gen-
eral, the larger the container the larger the seedling

This article has been previously published in the following journal—Plant and Soil, Volume 278, 85-93.
Stokes et al. (eds), Eco- and Ground Bio-Engineering: The Use of Vegetation to Improve Slope Stability, 135-142. 135
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that can be produced. However, the optimum container
size varies according to many different factors, includ-
ing species, growing density, environmental conditions
and length of the growing season. Pine species that are
tolerant of crowding, such as loblolly pine, could be
produced in small-volume containers with a high grow-
ing density. In contrast, broad-leaved species should
be produced at lower growing density because their
leaves intercept more water and nutrients and gener-
ate more shade (Landis et al., 1990). One of the most
serious problems in containers, especially in the case
of seedlings with tap roots such as oaks, is the ten-
dency of seedling roots to spiral around the inside of
the container or to concentrate at the base of the con-
tainer (Biran and Eliassaf, 1980; Landis et al., 1990).
Root spiraling is most serious in round, smooth-walled
plastic containers and can seriously reduce seedling
quality after outplanting. In contrast, well-developed
and well-structured root systems with numerous first
order laterals are one of the most essential attributes
of high quality oak seedlings (Day and Parker, 1997,
Thompson and Schultz, 1995).

However, the influence of container type on seedling
quality and the outplanting performance of Mediter-
ranean oak species has received almost no attention
and to the best of our knowledge, no study on root
morphology of seedlings of these species has been
reported.

Thus, the objective of this study was to determine
the influence of container type on both above- and
below-ground nursery growth and field performance
of two tap-rooted seedlings, Quercus ilex and Quercus
coccifera.

Materials and methods
Nursery phase

Experimental treatments

The experiment was conducted in an open-air nurs-
ery of Forest Service (N. Chalkidona, North Greece).
Acorns of Quercus ilex L. and Quercus coccifera L.
were sown in mid-March. Three container types were
selected to provide a wide range in container vol-
umes, density of plants and design characteristics as
these have been shown to have a strong influence on
the morphology and field performance of seedlings
(Jones et al., 2002; Landis et al., 1990; Salonius
and Beaton, 1994). The container types used for the
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tap-rooted seedlings production were: (a) paper-pot
FS 615; made of biodegradable paper, planted with
the seedling, each cavity is hexagonally shaped, bot-
tomless, 482 x 10> mm? in volume and 150 mm in
depth, and (b) and (c) two rigid reusable plastic con-
tainers from which the seedlings are removed before
planting: (b) quick pot T18; each cavity is of square
shape, tapered from top to bottom, has interior ver-
tical antispiralling ribs and open crossed base and is
650 x 103 mm? in volume and 180 mm in depth, and (c)
plantek 35F; each cavity has similar design features to
quick-pot but air root pruning is achieved from the sides
of the walls and from the base, and is 275 x 10° mm? in
volume and 130 mm in depth. All cavities were filled
with sphagnum Lithuanian peat of medium structure
and coarse perlite (3:1, v/v). This potting medium is
commonly used in Greek forest nurseries. The pot-
ting medium was fertilized with 1.3 kg mixed fertil-
izer (N:P:K 15:30:15 + micronutrients), 0.6 kg potas-
sium sulfate, 1.0 kg superphosphate (0-20-0), 0.4
kg magnesium sulfate and 2 kg lime (CaO) per m?
of peat.

The three treatments were arranged in a random-
ized complete block design with three replications for
each of 2 species x 3 container types. There were 24
seedlings per container type, in each block (total 216
seedlings per species) and all seedlings were identified
with a number. All seedlings were irrigated with an
overhead irrigation system, as needed.

Growth measurements and destructive sampling

At the end of the growth period in the nursery, on
November, the shoot height, the diameter (measured
5 mm above the root collar) of all seedlings were
measured with an accuracy of 1 and 0.1 mm, respec-
tively. Twelve randomly selected seedlings per treat-
ment (4 seedlings x 3 replications) of each species,
were collected for destructive sampling and they were
transferred to the Laboratory for biomass measure-
ments. From these selected seedlings, five random root
samples per treatment were used for the root morphol-
ogy estimations prior to biomass measurements. The
root system was separated from the soil, under a gentle
water jet, using a sieve to collect any root fragments
detached from the system. Then, each root system was
put into a glass box and covered with a white plastic
sheet to keep it in a fixed position and improve the
contrast of the root image. The box was placed on a
scanner (Hewlett Packard, ScanJet 6100C) connected
to a computer, and an image analysis system (DT-Scan,



Delta T-Devices) was used to determine the total root
length, the root surface area and the total root volume
(Barnett and McGilvray, 2001; Fitter et al., 1991). For
biomass measurements the seedlings were divided into
two parts: shoot (stem + needles) and root system. Both
parts were oven-dried at 70°C for 48 h and then they
were weighed (Thompson, 1985).

Field experiment

In early December, 8-month-old Q. ilex and Q. coc-
cifera seedlings were outplanted to the field in ‘Kas-
sandra’ Peninsula, Chalkidiki (North Greece), which
is located 80 km south-east of Thessaloniki at 25°30’
E and 40° N. According to the climatic data (period
1978-1997) from the meteorological station of the For-
est Service, the climate of the area is of the Mediter-
ranean type with mild winters and dry hot summers.
The mean annual rainfall reaches 581 mm, while the
mean annual air temperature goes up to 16.3°C and
the mean maximum air temperature of the warmest
month (July) is 30.1°C. The dry period begins in the
middle of April and lasts until the middle of Septem-
ber (Tsakaldimi, 2001; Tsitsoni, 1997). The vegeta-
tion of the area belongs to Quercetalia illicis floristic
zone.

For each species, 20 seedlings per treatment per
replication were planted in a randomized complete
block design with three replications; the identity of
nursery blocks was maintained in the field. Experi-
mental blocks (500 m? each) were located on three
independent sites of W, NW and N aspects and of
moderate slopes (15-30%) and they were not irri-
gated. The distance between the sites was approxi-
mately 300 m. The soil of the three sites, where the
experiment was conducted, is characterized as deep,
sandy—clay loam, neutral to moderate alkaline and rich
in organic matter at the surface horizons (Tsakaldimi,
2001).

The seedlings being hand planted in pits (0.30 x
0.30 m?) and they were spaced 2 m apart. The sur-
vival was recorded for each seedling for two successive
years after planting. Furthermore, 2 years after plant-
ing, height and diameter growth of each seedling were
assessed (with an accuracy of 1 and 0.1 mm, respec-
tively). The relative growth rates (RGR) for both height
and diameter, after a period of 2 years, were calculated
as the difference between the natural logarithms of final
and initial height or diameter, respectively, divided by
time between the beginning and the end of field exper-

iments (in years) (Elvira et al., 2004; Villar-Salvador
etal., 2004).

Statistical analysis

All statistics were calculated with SPSS software. Dis-
tribution was tested for normality by Kolmogorov—
Smirnov criterion and the homogeneity of variances
was tested by Levene’s test. The percentages were trans-
formed to arsine square root values, before analysis.
Significant differences between treatment means were
tested using analysis of variance (one-way ANOVA).
Wherever treatment effects were significant, the Dun-
can’s Multiple Range Test was carried out to com-
pare the means (Norusis, 1994; Snedecor and Cochran,
19838).

Results
Nursery performance

Both species were affected by the type of container.
Q. ilex seedlings grown in paper-pot were significantly
taller, had greater diameter and shoot biomass than
seedlings grown in quick-pot and plantek (Table 1).
Also, the root biomass, the shoot/root mass ratio and
the total root volume found to be significantly greater
in seedlings grown in paper-pot than in seedlings
grown in quick-pot and plantek. The total root surface
area and root length did not show significant differ-
ences among the paper-pot and quick-pot seedlings,
but were significantly greater than those of plantek
seedlings.

Similar to Q. ilex seedlings, Q. coccifera paper-pot
seedlings exhibited the greatest height, diameter and
shoot biomass (Table 2). On the contrary, the seedlings
grown in quick-pot did not differ from those grown in
plantek but both were found significantly smaller than
paper-pot seedlings. The container type significantly
affected the root morphology. Paper-pot seedlings had
a more extended root system; their root surface area
and the total root length were significantly greater than
that of seedlings raised in plastic containers, and were
twice or more greater than those of plantek seedlings.
The root volume and the root biomass allocation did
not differ between paper-pot and quick-pot seedlings
but remained greater than that of plantek seedlings.
The shoot/root mass ratio was significantly greater in
seedlings grown in paper-pot.

137



Table 1. Effects of container type on Q. ilex seedling characteristics at the nursery phase

Container type

Paper-pot Quick-pot Plantek

(FS 615) (T18) (35F)
Above-ground seedling characteristics
Shoot height (mm) 401 (12.1)* 208 (9.1)° 240 (8.1)°
Root-collar diameter (mm) 5.1(0.12)2 4.3 (0.09)° 4.2 (0.09)°
Shoot dry weight (g) 8.3 (0.80) 4.2 (0.44)° 3.8 (0.24)°
Below-ground seedling characteristics
Root dry weight (g) 4.6 (0.43) 3.5(0.30)° 2.9(0.23)°
Root surface area (mm?) 13168 (1110)? 11 806 (1536)* 8057 (896)b
Root volume (mm?) 6630 (890)* 4220 (570)° 4240 (610)°
Total root length (mm) 7376 (701)2 8144 (863)* 4440 (502)°
Shoot dry weight/Root dry weight 2.0 (0.1)2 1.2 (0.1)° 1.3 (0.1)°

Values are means =+ standard error (in parenthesis). Within a row, means followed by different letters, are

significantly different (P < 0.05).

Field survival

One year after outplanting (on November), the survival
rate presented significant differences among the treated
seedlings of Q. ilex, and it was negatively affected by the
summer drought period (Figure 1a). Seedlings grown in
paper-pot presented significantly greater survival rate
(73.3%) than those grown in quick-pot (50.9%) and
plantek (42.9%). During the second year after outplant-
ing, the summer drought period caused a further re-
duction of survival rate; 8.3% for paper-pot seedlings,
5.3% for quick-pot seedlings and 12.5% for plantek
seedlings.

0. coccifera seedlings had also difficulties surviving
in the field (Figure 1b). The first year after outplant-
ing, the survival rate significantly reduced. The survival
of paper-pot seedlings was 73.6%, while the survival
recorded in the quick-pot and plantek seedlings reduced
at half, and it was 47.9 and 47.7%, respectively. At the
end of the second growth period in the field, the sur-
vival rate reduced to 71.7% for paper-pot seedlings,
41.7% for quick-pot seedlings and 45.5% for plantek
seedlings.

After recording survival rates we excavated five dead
seedlings of each treatment and species and found that
their roots were restricted to the space of the nursery

Table 2. Effects of container type on Q. coccifera seedling characteristics at the nursery phase

Container type

Paper-pot Quick-pot Plantek

(FS 615) (T18) (35F)
Above-ground seedling characteristics
Shoot height (mm) 283 (15.4) 136 (11.5)° 139 (9.2)°
Root-collar diameter (mm) 4.2 (0.12)2 3.1(0.11)° 3.1 (0.09)°
Shoot dry weight (g) 4.5 (0.69) 2.1(0.25)° 1.6 (0.11)°
Below-ground seedling characteristics
Root dry weight (g) 3.6 (0.49) 2.8 (0.29)* 1.7 (0.14)°
Root surface area (mm?) 12 306 (1996)? 7950 (888)P 5839 (614)°
Root volume (mm?) 6410 (1290)2 4260 (460)° 3300 (480)°
Total root length (mm) 6233 (963)* 4148 (462)° 2973 (353)°
Shoot dry weight/Root dry weight 1.3 (0.08)* 0.7 (0.05)° 0.9 (0.07)°

Values are means = standard error (in parenthesis). Within a row, means followed by different letters, are

significantly different (P < 0.05).
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Figure 1. Effect of container type on (a) Q. ilex and (b) Q. coccifera
seedling survival in the field; the first and the second year after out-
planting. For the same year, means followed by different letter are
significantly different (P < 0.05). Error bars are not shown because
they are too small.

root plug and none of them had developed new roots
out of it.

Growth in the field

At the end of the second year in the field, 23 months af-
ter outplanting, the Q. ilex seedlings shoot height and
diameter presented significant differences among the
treatments and followed the same trend as in the nursery
(Table 3). The larger and thicker seedlings were those
that had grown in paper-pot and the smaller seedlings
were those that had grown in quick-pot and plantek.
However, quick-pot and plantek seedlings showed sig-
nificantly greater height RGR than paper-pot seedlings,

while the diameter RGR did not differ among treated
seedlings.

Similarly, the larger Q. coccifera seedlings had
grown in paper-pot while the smaller ones had grown
in quick-pot and plantek. The quick-pot and plantek
seedlings again showed significantly greater height
RGR than the paper-pot seedlings while their diameter
and diameter RGR did not show significant differences
among treated seedlings (Table 3).

Discussion

The seedlings of both oaks produced in the three
container types, were healthy, none of them showed
root spiraling and all of them approximately reached
the appropriate dimensions for planting. According to
EU legislation (Council Directive 71/161/EEC, 1971)
Quercus seedlings, 1 or 2 years old, are considered suit-
able for planting when their height is 150-250 mm and
root-collar diameter is 4 mm. Concerning the Mediter-
ranean oaks, Nardini et al. (2000) found that 2-year-
old Q. ilex seedlings, raised in containers, were much
smaller than those of our study; their stem diameter
was only 2.7 mm, height 420 mm, total root dry weight
0.5 g and root surface area was 3680 mm?. Also, Villar-
Salvador et al. (2004), found that 10-month-old Q. ilex
seedlings, grown in forest-pot 300 containers and fertil-
ized with slow-release fertilizer N:P:K (15:7:15), 1 kg
m~3 peat, were only 141 mm in height and they al-
located shoot dry weight 1.72 g and root dry weight
3.39 g. In our study, seedling dimensions of the two
oak species were much differentiated among the con-
tainer types used. In both oak species, seedlings raised
in paper-pot were superior to seedlings raised in the
other two plastic containers. Contrary to what has been
reported for larger containers with lower growing den-
sities (Aphalo and Rikala, 2003; Landis et al., 1990;
Tanaka and Timmis, 1974), the paper-pot although it
is smaller in size and create higher seedling densi-
ties than quick-pot, it increased shoot height, diameter,
biomass allocation and enhanced the root morphology
of the oak seedlings. A possible explanation for this is
the construction material of the paper-pot; the paper is
permeable and allow water and soluble salts to move
laterally between the cavities of the container. This pos-
itively affected the water and nutrient availability for
each seedling and thus enhanced the seedlings’ growth
(Tsakaldimi, 2001). Moreover, although there are no
measurements, the quick-pot and plantek, which are
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Table 3. Container type effects on height, root collar diameter and relative growth rates (RGR) for Q. ilex

and Q. coccifera seedlings, 2 years after field planting

Container type

Paper-pot Quick-pot Plantek
Field growth (FS 615) (T18) (35F)
Q. ilex
Height (mm) 473 (22.5) 315 (21.4)° 362 (26.6)°
Height RGR (mm mm~! year™!) 0.9 (0.12)° 1.8 (0.26) 1.6 (0.39)?
Root-collar diameter (mm) 8.4 (0.37) 6.3 (0.28)" 6.4 (0.37)°
Diameter RGR (mm mm~! year™!) 0.25 (0.02)" 0.20 (0.03)" 0.21 (0.03)"s
Q. coccifera
Height (mm) 367 (23.6) 278 (28.7)° 273 (24.2)°
Height RGR (mm mm~! year~!) 1.6 (0.23)° 2.7 (0.35)2 3.1(0.53)*
Root-collar diameter (mm) 6.6 (0.32)™ 5.8 (0.31) 5.7 (0.47)™
Diameter RGR (mm mm™~" year™') 0.24 (0.03)" 0.28 (0.03)™ 0.29 (0.05)"

Values are means =+ standard error (in parenthesis). Within a row, means followed by different letters, are

significantly different (P < 0.05).

plastic and black-colored containers, may absorb more
solar radiation which can increase the root temperature.
High soil temperatures were especially reported for
black plastic containers (Whitcomb, 1989). The high
root temperatures can inhibit root growth and may even
result in seedling mortality (Landis et al., 1990).

In the field, both oak seedlings had difficulties to
survive, but the mortality was much higher in Q. ilex
seedlings. Similarly, Villar-Salvador et al. (2004) re-
port that Q. ilex seedlings have lower survival and
growth when compared with other Mediterranean
woody species. This indicates that this species is more
susceptible to stress factors during its early life stages
and especially during the first summer period. In this
study also, the mortality was mainly observed at the
end of the first year after outplanting and after the
summer dry period, and varied considerably among
the container seedlings. The survival rate of paper-
pot seedlings was much greater (73.3% for Q. ilex
and 73.6% for Q. coccifera) than that of the other con-
tainer seedlings, while the survival rate of the plantek
seedlings was only 42.9% for Q. ilex and 47.7% for
Q. coccifera. At the end of the second year after out-
planting, there was a further reduction of seedling
survival. However, the survival of seedlings grown
in paper-pot remained higher (65 and 71.7% for the
Q. ilex and Q. coccifera, respectively) while the sur-
vival recorded for plantek seedlings was 45.5% for
Q. coccifera and only 30.4% for Q. ilex. Villar-Salvador
et al. (2004) found that 2 years after outplanting, the
mortality of Q. ilex seedlings reached to 42% and
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tended to occur during the summer period. Hatzistathis
et al. (1999) found that Q. ilex grown in paper-pot, had
very low survival (33.7%), 18 months after outplanting
in the Kassandra, northern Greece.

The better survival of paper-pot seedlings can be
attributed to their initial morphological characteris-
tics. Villar-Salvador et al. (2004) reported that, Q. ilex
seedlings with largest shoots and with a higher S/R
ratio had lower mortality than those with opposite at-
tributes, 2 years after outplanting. Cortina et al. (1997)
found that shoot height was also positively correlated
with field survival of Q. ilex seedlings. Also, in a pre-
vious study, Tsakaldimi (2001) found that diameter
was a good predictor for field survival of Q. coccifera
seedlings; the thicker the seedlings the higher the sur-
vival. Similarly, in our study, the paper-pot seedlings of
both oak species, that exhibited the lower mortality, had
much greater shoot height, root-collar diameter, shoot
dry weight and S/R ratio at the time of planting. The
poor performance of smaller seedlings may be due to an
unbalanced carbon economy during their establishment
phase and the summer period (Villar-Salvador et al.,
2004). Root characteristics may also have contributed
to the better survival of paper-pot seedlings. The
greater root volume and root surface area (as well as the
greater total root length only in the case of Q. coccifera)
of paper-pot seedlings, may have resulted in a bet-
ter water and nutrient uptake during their early stages
after outplanting and especially during the summer
drought. When growth or survival is limited by water
(as is observed in the Mediterranean basin) or nutrient



availability, immediately after outplanting, roots play
a more important role in the performance of container
seedlings (Aphalo and Rikala, 2003). Furthermore, it
may be important that paper-pot seedlings were planted
with pots, thus, they had their roots protected not only
during the planting work but the whole first year after
outplanting until the roots increased and penetrated the
soil. In contrast, quick-pot and plantek seedlings, which
were planted without the cavity, had their roots unpro-
tected and moreover their roots had difficulty crossing
a textural discontinuity from a light, friable growing
medium to natural soil (Tinus, 1986). According to
Ruehle and Kormanik (1986), oak seedlings must de-
velop new roots soon after planting if they are to survive
and grow. This seems to be confirmed in our study since
all the excavated dead seedlings had developed no roots
out of the nursery plug.

The differences in seedlings size in the nursery
phase, of both oak species, persisted 2 years after the
outplanting in the field. Paper-pot seedlings remained
significantly taller than the other container seedlings,
although the height relative growth rate (RGR) was
greater in quick-pot and plantek seedlings. Q. ilex
seedlings raised in paper-pot also had the greatest field
diameter, while their diameter RGR did not differ from
that of the other container seedlings. In the case of
Q. coccifera, although quick-pot and plantek seedlings
had smaller diameter at planting they grew as well as the
larger paper-pot seedlings. However, Villar-Salvador et
al. (2004), reported that Q. ilex seedlings with larger
shoots and with a higher S/R ratio had larger stem
volume increase, 2 years after outplanting. In con-
trast, studies among many other species concluded that,
differences in seedlings size at planting disappeared
after one or two growth periods in the field (Jones
et al., 2002; Simpson, 1995). Actually, growth follow-
ing outplanting is more complex than mere survival
and is related to the planting environment, the genetic
potential and the physiological and morphological sta-
tus of the seedlings, at the time of outplanting (Mexal
and Landis, 1990).

Conclusions

The results of this study suggest that the container type
has a strong influence on seedling quality and outplant-
ing performance of Q. ilex and Q. coccifera seedlings.
The paper-pot contributes to the production of taller,

thicker and heavier seedlings with a more extended root
system. The better quality of these seedlings in combi-
nation with the fact that the paper-pot seedlings have
their roots protected from transplanting shock, results
in better field performance. Also, it is suggested that
larger oak seedlings have better survival and they re-
main greater 2 years after outplanting. Grading criteria
for oak seedlings’ shoot height and root-collar diameter
will be important for sites where environmental stress
may be high.
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Abstract

This paper presents selected results on the above- and below-ground growth performance of 12 indigenous woody
species commonly found growing naturally in unstable riparian slope and/or bank environments throughout New
Zealand. This study was needed because little information exists on the effectiveness of New Zealand’s indigenous
riparian plant species for slope and stream bank stabilisation. By examining the growth performance of selected
riparian species during the first 5 years following establishment, we provide valuable insights into the likely strengths
and limitations of individual species at maturity and, therefore, into their overall potential usefulness, singularly
and/or as mixed plantings, for future riparian stabilisation projects. For all species, their root systems are typically
shallow and confined to the uppermost 31 cm of soil. Root spread (mean maximum diameter) increased with
increasing age with interspecies differences, by age 5 years, ranging from between ~1 and 2.5 m. At age 5 years
the mean root biomass, for all species combined, was 1.2 kg/plant, and averaged ~23% of total plant biomass.
Changes in the allocation of biomass for root and shoot growth appear to be species and age dependent. The results
of this study indicate that most have above- and below-ground growth attributes well suited to colonising steep and
unstable riparian slopes where shallow soil failure is prevalent and/or where stream banks are rocky with skeletal
soils. All form part of the early plant succession. Once established, and in the absence of grazing, they are relatively
fast growing. The effectiveness of riparian restoration programmes using indigenous species, though potentially
high for low-order stream, will be limited by their relatively shallow-rooted habit for bank stabilisation on larger
rivers without the prior installation of structural protection works.

Introduction

Since the turn of the 20th century much of New
Zealand’s indigenous riparian vegetation has been
cleared for pastoral use, for the development of an
exotic forest industry, and for urban development as-
sociated with European settlement. In more recent
years, in hill country areas, the regeneration of indige-
nous species has been suppressed by continual graz-
ing, while remaining stands of riparian vegetation have
been further decimated largely through state-assisted
land-development encouragement loans or subsidies.

* E-mail: mardenm@landcareresearch.co.nz

The loss of buffering and ecosystem services provided
by this riparian vegetation has led to the progressive
degradation of waterways through increased sedimen-
tation and nutrient pollution. The consequence has been
a loss of in-stream habitat and inferior water quality in
many streams and lakes throughout rural New Zealand
(Phillips et al., 2001).

Channel widening by bank collapse is now a com-
mon occurrence along many kilometers of stream
throughout New Zealand. The loss of primary agri-
cultural land and physical property adjacent to erod-
ing stream banks is very costly and the need for their
protection against erosion has long been recognised
(Acheson, 1968, Eyles, 1983).
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An increase in awareness of the poor health of New
Zealand’s water bodies and a genuine willingness to
redress this situation have increased the public’s de-
sire to become involved in restoring riparian areas by
planting indigenous woody rather than exotic species
such as willows (Salix spp.). Though the role of the lat-
ter in improving stream habitat and bank stability and in
preventing erosion is well recognised (Van Kraayeno-
ord and Hathaway, 1986), information on the nature,
and more importantly on the performance, of New
Zealand’s indigenous riparian species is generally de-
scriptive, with much of our knowledge anecdotal. In the
case of below-ground growth performance and func-
tionality, there are few published studies on root sys-
tem architecture and biomass of individual tree species
(Watson et al., 1995, 1999).

A further need to address this information gap has
arisen as a result of the increased risk to many riverbank
protection works posed by the introduced willow sawfly
(Nematus oligospilus), which has caused widespread
defoliation and mortality among New Zealand’s willow
trees (Cowley and Whyte, 1997). Historically, effective
structural stream bank protection has been expensive to
install and maintain, and as riverbank protection using
only willows is no longer practical, other options are
needed. This includes combining the proven capability
of willows with the untested ability of native species
with the view to reducing the longer-term reliance on
willows. With public and government pressure to main-
tain and enhance the indigenous biodiversity of New
Zealand, river engineers are seeking to use indigenous
plants.

Increasingly, societal considerations have become an
integral part of riparian stabilisation projects. These
may include incorporating the aspirations of Maori
(indigenous people of New Zealand) in plant selec-
tion for use in traditional medicine, as fibre for weav-
ing, and for other uses. Other multiple goals may in-
clude increasing New Zealand’s plant diversification
and maximising plant performance for carbon accred-
iting. New Zealand ratified the Kyoto Protocol (IPCC,
2000) in 1997 (New Zealand Climate Change Of-
fice, 2003), and since then the trading of carbon cred-
its by organisations and companies at local, regional
and national levels has become an integral part of
the country’s economy. It is important therefore, that
a measure of biomass accumulation, particularly dur-
ing the early years following the establishment of new
plantings of indigenous species, is based on verifiable
data.
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In this paper we present the results of a trial in which
we quantify the, above- and below-ground growth per-
formance of 12, 1- to 5-year-old, indigenous plant
species. These species are part of the early plant suc-
cession frequently found growing naturally in unstable
riparian slope and/or bank environments throughout
New Zealand. Despite little documented information
on appropriate plant spacing or of an understanding
of why certain species appear better adapted to sta-
bilise different riparian environs, e.g., floodplain stream
banks, colluvial slopes, landslide scars, many of the tri-
alled species are currently being planted for streamside
restoration. By examining their growth performance we
aimed to provide valuable insights into the strengths
and limitations of individual species and their overall
potential usefulness, singularly and/or as mixed plant-
ings, for riparian stabilisation. This trial is the first of its
kind to attempt to provide such data in New Zealand.

Methods

It was not considered practical or environmentally ac-
ceptable to source plants for destructive sampling, di-
rectly from their natural environment. Because of the
restrictions planter bags have on root development of
containerised plants, it was imperative we secured a
source of bare-rooted material at least for plants older
than 2 years. We used 2-year-old containerised plants
and established a trial site from which plants could be
on grown and periodically extracted. To minimise the
influence of site variability on growth and to emulate ri-
parian conditions, we chose a streamside location with
uniform soils, slope and aspect.

Site details

The trial site was located on a low-lying, even-surfaced
alluvial terrace adjacent to the Taraheru River, in
Gisborne City, North Island, New Zealand. The soil
is free draining, Te Hapara Typic Sandy Brown Soil
(Hewitt, 1998) and requires irrigation in summer. The
site (50 m by 20 m) was tilled and weed mat was laid
down before planting in 1999. The site was subdivided
into three blocks. Two-year-old containerised plants
were sourced from a local plant nursery and all three
blocks were planted in a day. Within each block, plants
were arranged so that individuals of the same species
were not adjacent. Blocks 1 and 2 (plants to be ex-
tracted 1 and 2 years after planting, i.e., at age 3 and



4, respectively) were planted at 1-m spacing, and block
3 (plants to be extracted 3 years after planting, i.c., at
age 5) at 1.5-2.0-m spacing. Plants were irrigated for
the first 3 months after planting.

Species selection

The species (Allan Herbarium, 2000) chosen (Table 1)
are those to appear as part of the natural reversion pro-
cess on retired pastoral land and on areas of bare ground
(mostly landslide scars), or are regarded as suitable for
direct planting to restore and stabilise riparian zones.

Biomass and morphology

Plant age was established from the date each species
was pricked-out into containers (zero years). For data
on 1- and 2-year-old plants, we destructively parti-
tioned the containerised plants. Data for plants 3—-5
years old are for bare-rooted plants excavated from the
trial site. Using an air lance at 240 kPa, soil surround-
ing the root systems was removed allowing them to be
extracted undamaged and a high percentage of the to-
tal root mass to be recovered. We aimed for a sample
size of ten plants/species/year. Frost, insect attack and
wind-throw accounted for the shortfall in sample size
for some of the species, e.g., manuka in year 4. Over
the duration of this trial, 554 individual plants were
destructively sampled (Table 1).

Above-ground growth parameters measured in-
cluded height, canopy spread, root collar diameter and
diameter at breast height (DBH) (where applicable).

Below-ground growth measurements included maxi-
mum root depth and lateral root spread. The latter, to-
gether with canopy spread, was taken as the average of
the maximum diameters measured in two directions.
The root system of each plant was photographed before
being partitioned into its biomass components. In addi-
tion, the above- and below-ground form of a 5-year-old
specimen of each species was sketched in detail.

Above-ground biomass was measured by separating
the foliage, branches and stem. Below-ground compo-
nents were partitioned into root bole, tap, lateral and
sinker roots. Roots were further partitioned into diam-
eter size classes (<1 mm (fibrous), 1-2, 2-5, 5-10 and
10-20 mm) (Watson and O’Loughlin, 1990), and the
total length of roots in each diameter size class (exclud-
ing fibrous roots) was measured. Relative to the root
bole, a measure of the distribution of root biomass and
root length (of roots >1 mm), by diameter size class,
was recorded for each 50-cm radius by 50-cm deep
concentric disc (similar to growth rings) to the max-
imum extent of root growth. Each of the above- and
below-ground biomass components was oven-dried at
80°C for 24 h then weighed to the nearest 0.1 g.

Root systems and types are described as follows
(Phillips and Watson, 1994):

Tap-rooted. The seedling radicle persists and grows
into a single or branched massive root (taproot), more
or less vertical; it may give rise to planes of lateral roots.

Plate. A shallow spreading root system with abun-
dant surface roots, no taproot.

Heart-rooted. A compact system with many
obliquely or vertically descending roots (heart roots)

Table 1. Indigenous riparian species trialled and number of sample trees extracted for each species and year of the trial

Number of plants extracted/species/year

Common name Botanical name 1 2 3 4 5 Species total
Karamu Coprosma robusta 10 10 7 8 10 45
Ribbonwood Plagianthus regius 10 10 10 10 10 50
Kowhai Sophora tetraptera 10 8 8 8 10 44
Lemonwood Pittosporum eugenoides 10 10 10 10 10 50
Kohuhu Pittosporum tenuifolium 10 10 10 9 10 49
Lacebark Hoheria populnea 10 10 10 10 8 48
Mapou Mpyrsine australis 10 10 10 10 10 50
Fivefinger Pseudopanax arboreus 10 10 10 8 8 46
Cabbage tree Cordyline australis 10 10 10 10 10 50
Rewarewa Knightia excelsa 10 10 10 10 9 49
Manuka Leptospermum scoparium 10 10 5 0 5 30
Tutu Coriaria arborea 10 10 10 8 5 43
Annual totals 120 118 110 101 105 554

145



rising from or near the root bole and generally replac-
ing the taproot.

Lateral roots. Long and radially spreading from the
taproot, or from the root bole, possibly in two or more
plates or strata.

Sinker roots. Roots descending more or less verti-
cally from the main laterals at varying distances from
the root bole and to depths up to or exceeding that of
the taproot.

Statistical analyses

All analyses were carried out in the statistical pack-
age GenStat (2002) using the procedure for unbalanced
analysis of variance (procedure AUNBALANCED).
Analysis on the raw data revealed the residuals
(assessed visually) showed significant non-normality
(skewed to the right) and an increasing variance with
increasing fitted values (heteroscedasticity). All data
were logo-transformed to impose normality on the
residuals. Throughout this paper, means (back trans-
formed from the log; scale) are presented +1 standard
error.

Results
Root system types

Of the trialled species, cabbage tree was the only one
to develop a taproot system consisting of a central, fre-
quently branched, tuberous root/rhizome. The remain-
ing species all developed heart-rooted systems. Of note
were the lateral roots of ribbonwood, lemonwood and
kohuhu, which at an early age developed a few long
thin laterals (mean root spread >2 m at age 5). The
distribution of their leading lateral roots was highly
asymmetric with large areas of soil totally devoid of
any roots. Multiple branching was most common at
the extremities. Typically, multiple and large-diameter
roots developed early and descended obliquely from
the base of the root bole. Mapou and kowhai clearly
developed sinker roots. These became apparent in year
four; they developed between 0.5 and 1 m from the
stump and each descended to a depth of ~0.15-0.20
m by age 5 years. Mapou and rewarewa root systems
were compact (mean root spread <1 m at age 5 years),
highly branched close to the root bole, and had a matted
appearance, with the dense cluster of fine roots proving
difficult to tease apart.
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Root depth

For all species combined there was a significant in-
crease in root depth between years one and five
(Figure 1) with interspecies differences being appar-
ent at an early age (Figure 2). Mean root depth for all
species combined, at age 5 years, was 0.3 m (Figure 1).
The deepest rooted cabbage tree reached a mean depth
0f 0.4 m, while mapou had the shallowest root system at
0.2 m. At age 5 years the root network was largely con-
fined to the uppermost 31 cm of organic-rich topsoil.

Root spread

For all species combined there was a significant in-
crease in root spread between years one and five
(Figure 3). Constriction of the roots in planter bags ex-
plains the lack of variation in root spread in years one
and two. Lemonwood achieved the greatest mean root
spread at 3 m (Figure 4). In contrast, the very compact
root systems of mapou and rewarewa barely attained a
mean spread of 1 m. For all species trialled, the lateral
root spread for plants 3—5 years old generally exceeded
crown width. In the trial plot and by year four, the roots
of adjacent plants at 2-m spacing were intertwined. The
root systems of individual kowhai and tutu extended to
amaximum distance twice the diameter of their respec-
tive canopy widths.

Root biomass

As for root depth and spread, the relative consistency
of root biomass in years one and two for all species
combined (Figure 5) was due to the restrictive size of
the planting bag. Between years four and five the mean
root biomass, for all species combined, more than dou-
bled to 1.2 kg/plant, and averaged ~23% of total plant
biomass. At5 years old, kowhai had the highest percent-
age of root biomass at 29%, and manuka and cabbage
tree the least, at 19%.

All twelve species showed a decrease in fine roots
<1 mm, and a corresponding increase in larger diam-
eter roots with increasing age. The fine root fraction
of the tap-rooted cabbage tree was consistently lower,
at <20% of total root weight, than for the remaining
species in each year of the trial. Irrespective of age, the
biomass of the root bole (stump) remained relatively
constant, at ~25% of total root weight, for all but three
species. The small and largely fibrous root systems of
manuka and mapou each maintained a comparatively
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Figure 1. Mean maximum root depth for all 12 riparian species combined, over the 5-year trial period (difference between means is highly
significant Fy 491 = 43.28, P < 0.001). Error bars are 1 SE. See Table 1 for the number of plants extracted.
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Figure 2. Changes in mean maximum root depth for individual species during their first 5 years of growth (interaction between species and year
is highly significant F43 491 = 7.07, P < 0.001). Error bars are £1 SE. See Table 1 for the number of plants extracted.
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Figure 3. Mean maximum root spread for all 12 riparian species combined, over the 5-year trial period (difference between means is highly
significant Fj 493 = 1584.8, P < 0.001). Error bars are 1 SE. See Table 1 for the number of plants extracted.
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Figure 4. Changes in mean maximum root spread for individual species during their first 5 years of growth (interaction between species and
year is highly significant F43 493 = 12.64, P < 0.001). Error bars are £1 SE. See Table 1 for the number of plants extracted.
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Figure 5. Mean root biomass for all 12 riparian species combined, over the 5-year trial period (difference between means is highly significant
Fy 404 = 2126.8, P < 0.001). Error bars are 1 SE. See Table 1 for the number of plants extracted.
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Figure 6. Changes in mean root/shoot ratio for individual species during their first 5 years of growth (interaction between species and year is
highly significant F43 494 = 11.22, P < 0.001). Error bars are =1 SE. See Table 1 for the number of plants extracted.

small root bole for all 5 years of growth, comprising
~10% of total root weight. In contrast, the cabbage tree
showed significant growth in its taproot from nothing
in year one to ~80% of total root weight in year five.

Root/shoot ratio

Changes in the allocation of biomass for root and shoot
growth appear to be species and age dependent. For
example, cabbage tree initially invested ~55% of total
plant biomass in rhizome growth but by year five this
had declined to ~20% (Figure 6). Lacebark showed a
similar trend. In year one, the initial high investment in
root biomass for some species is apparent and the result
of root binding and anchorage strategies. In contrast,
fivefinger, kohuhu, rewarewa, ribbonwood and lemon-
wood showed a steady, but small, annual increment in
root biomass relative to shoot biomass. For all species
combined, mean root biomass averaged 37% in year
one and remained relatively constant between years two
and five, at not less than 30% of total plant biomass

0.45-
0.40+
0.35+

mean root/shoot ratio

(Figure 7). For individual species, and over the 5-year
duration of the trial, kowhai, lacebark, manuka, mapou
and ribbonwood invested significantly more of its total
plant biomass as root biomass (~40%) compared with
~30% for the remainder of species trialled (Figure 8).

Discussion

The commonly held belief that New Zealand’s indige-
nous plant species are too slow growing, though true
when young, is not the case once plants have become
established, with the majority showing exceedingly fast
biomass growth within 3 years of planting-out. How-
ever, as is common with plants less than 2-year old, fac-
tors such as wrenching, root training and planter bag
constriction have contributed to the apparent similar
rate of growth exhibited during this period (Marden
and Phillips, 2002). In years three and four, inter-
species differences in overall growth became apparent,
with lemonwood, ribbonwood, cabbage tree, karamu,
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Figure 7. Mean annual root/shoot ratio for all 12 riparian species combined, over the 5-year trial period (difference between means is highly
significant Fj 494 = 7.27, P < 0.001). Error bars are &1 SE. See Table 1 for the number of plants extracted.
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Figure 8. Mean root/shoot ratio for individual species, averaged over the 5-year trial period (difference between means is highly significant
F11.494 = 19.57, P < 0.001). Error bars are 1 SE. See Table 1 for the number of plants extracted.

lacebark and tutu the better performers (Marden and
Phillips, 2003, 2004), and this trend continued into the
last year of the trial.

Site factors may have contributed to some of the
interspecies differences in growth performance. For
example, manuka showed significantly slower growth
in the fertile soils at the trial site than has previously
been measured for similar aged plants growing on less
fertile sites more typical of their natural occurrence
(Watson et al., 1995). In addition, the openness of the
trial site may have affected the early growth perfor-
mance of the more shade tolerant species including
mapou, lemonwood and fivefinger; though once estab-
lished all proved to be sufficiently hardy to tolerate full
sun.

Most are colonising species adapted to harsh grow-
ing conditions on steep slopes with skeletal soils
deficient in nutrient, and are considered as a nurse crop
for emerging shrubby hardwoods. Adaptations include
the presence of nitrogen fixing nodules on roots of
4-year-old tutu and kowhai (Marden and Phillips, 2003)
and/or roots with a high tensile strength, e.g., kowhai,
(Watson and Marden, 2004) for clinging to barren, dry,
steep rocky cliffs. Other species are equally at home
on alluvial floodplains and have adaptations to cope
with periodic flooding and siltation by producing ad-
ventitious roots. Cabbage tree, for example, is able to
produce adventitious roots from its stem should the tree
topple over or break, while tutu is capable of layering
should branches break and become buried. Mapou was
observed to sprout suckers from lateral surface roots.
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Foweraker (1929) also highlighted the interesting abil-
ity of alluvial communities of some of New Zealand’s
oldest podocarps to produce a new root system after
inundation with river silt.

Potential limitations include susceptibility to frost
(e.g., tutu), scale insects (e.g., manuka) and leaf rust
(e.g., rewarewa and karamu) (Marden and Phillips,
2003). Some are short lived (e.g., tutu) and together
with shade intolerant species will become suppressed
and replaced by others. The toxicity of tutu foliage to
grazing domestic stock and the potential of contamina-
tion of honey produced at the time tutu is in flower, will
further limit its application for riparian restoration par-
ticularly in urban and unfenced rural settings. Toppling
of cabbage trees, whether they are found in isolation
or as communities, has previously been documented
by Czernin (2002), and was a common occurrence in
the latter years of the current study. The prevalence of
toppling at our trial site is attributed to a combination
of: (a) the structural homogeneity of the alluvial soil
where lateral roots tended to pull out of the soil rather
than break; (b) a rapid increase in shoot biomass to
80% of total biomass by age 5 years; and (c) tall tree
height (3 m), by age S years.

The most efficient slope stabilisation results when
root development occurs at different depths in the soil
profile (Schiechtl and Stern, 1994). This was observed
for cabbage tree in this study and also documented
by Czernin (2002). However, our study, in common
with other local (Watson et al., 1995, 1999) and in-
ternational (Abernethy and Rutherfurd, 2001; Easson



and Yarbrough, 2002) studies on plant root distribution,
shows that for most of the riparian species studied here,
roots are concentrated only in the upper soil profile. The
major vertically and obliquely inclined roots for most of
the trialled species were observed to change direction
abruptly and strike horizontally at a relatively shallow
depth. There was no consistency in the depth at which
this occurred, and this may be an adaptation typical
of early colonising species. Results also indicate that
with increasing depth and distance from the stem there
is a rapid decline in roots, that there are interspecies
differences in root distribution, and that each species
allocates differing proportions of their total biomass to
roots at different stages of growth.

Interspecies differences in root distribution has im-
plications for the planting densities required to provide
full, near-surface root occupancy of the soil and/or to
maximise the root density to the depth requirement at
specific sites. The tap-rooted cabbage tree will likely
provide a higher level of reinforcement directly un-
der the stand and to a greater depth than heart-rooted
species, but the reinforcement quickly tapers off lat-
erally as root density declines away from the stand
edge. In contrast, heart-rooted species will likely pro-
vide a higher level of near surface reinforcement and
to a greater distance from the stem, but reinforcement
will rapidly decline at a relatively shallow depth.

Previous research on root depth of older aged ri-
parian species, for example, manuka, shows that the
root system of mature trees (13-50 years old) pene-
trated to a depth of 0.5 m on stony soils and 0.8 m
on sandy soils (Watson and O’Loughlin, 1985), and
those of another colonising and closely related species
of manuka, kanuka (Kunzia ericoides), at between 6-
and 32-year old reached a maximum depth of between
1.5 and 2.2 m. The latter study concluded that root depth
was correlated not to tree age but rather to the stoniness
and depth of slope colluvium (Watson et al., 1995). In
a detailed investigation of cabbage trees, the root depth
of 25-year-old trees growing in alluvial gravel was es-
timated to be ~2 m (Czernin, 2002). These studies,
together with the few published reports on the root
depth of some of New Zealand’s tallest podocarp forest
species (Cameron, 1963), indicate the rooting depth for
most of New Zealand ’s indigenous species rarely ex-
ceeded 2 m. The comparatively shallow rooting depth
of New Zealand indigenous riparian species implies
most will have a physical limitation to their ability to
contribute to deep soil reinforcement.

The time required to achieve appreciable growth for
many of these riparian shrub and tree species will vary
greatly and depend largely on growth environment.
With the exception of the higher altitudes, many of
New Zealand’s riparian species will achieve apprecia-
ble growth 5 years after establishment, but it may re-
quire 7-10 years before an effective cover is obtained.

Implications for riparian restoration and management

A significant improvement in riparian slope and bank
stability is anticipated for the smaller streams more typ-
ical of unmodified, upland stream reaches where cur-
rent channel form, slope characteristics and hydraulic
conditions are better representative of what existed
before forest clearance and where the performance
of riparian vegetation has proven effective. For these
streams, it is not the physical limitations of root sys-
tem depth, spread and density of individual riparian
species to provide effective soil reinforcement that de-
termines the key to successful slope and bank stabilisa-
tion but rather the density of plantings and the species
mix present. Treatment options that promote the quick-
est canopy closure and root development at all levels
of the soil profile are likely to be the most effective in
promoting site stability (Phillips et al., 2001). Where a
seed source already exists and if animal stock could be
excluded from riparian areas, many would regenerate
naturally and at little cost. Excessive vegetative growth
may, however, encroach on these channels, and without
proper management may create drainage problems by
clogging the stream.

As a consequence of their shallow-rooted habit,
however, many of New Zealand’s indigenous plants
will have limited effectiveness in floodplain reaches
of higher order streams modified by the building of
stopbanks (levees) and where channel hydraulic con-
ditions are likely to undercut stream banks to a very
steep and unstable slope ~2 m high. If the potential
for bed degradation exists, additional protection in the
form of structural materials will be required along the
toe of the bank and to some depth below the normal
streambed. Similarly, bank materials such as alluvium
are prone to undermining, thus riparian plantings must
be protected by structural means (e.g., gabion baskets,
rip rap, etc.) and/or by bank reshaping until growth is
sufficient to achieve effective bank stability.

The limitations of root depth aside, New Zealand’s
indigenous riparian vegetation is sufficiently diverse
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to meet most of the requirements for slope and bank
restoration, particularly of the lower order streams. The
selection of suitable plant materials must take into ac-
count both the degree of overbank inundation contem-
plated and the ability of plant materials to provide
year-round protection, have the capacity to become
well established under adverse soil conditions, be long
lived, develop a root system that will withstand the
drag of stream flow on the above ground portion, have
multistem and branch characteristics with many stems
emerging from the boundary surface, have tough, re-
silient stems and branches, and require minimum main-
tenance.

Where stability is required to a known depth, such as
to a potential failure plane that lies within the rooting
depth of plants being considered to restore stability, the
species selection must include those with root systems
capable of reaching the specified depth. Failure to meet
this goal will undoubtedly be the result of insufficient
roots crossing the failure plane as it is below the ver-
tical limit of root growth of the species selected. For
many restoration sites the strategy should be to select a
mix of species with different rooting habit. To appreci-
ate fully the potential use of indigenous vegetation for
the stabilisation of riparian slopes and streambanks in
New Zealand, further studies are needed for other ri-
parian plant species that may better meet the slope and
bank stability requirements for drainage systems in dif-
ferent soil types, geology and with differing hydraulic
characteristics.
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Mechanical resistance of different tree species to rockfall in the French Alps
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Abstract

In order to determine the mechanical resistance of several forest tree species to rockfall, an inventory of the type of
damage sustained in an active rockfall corridor was carried out in the French Alps. The diameter, spatial position
and type of damage incurred were measured in 423 trees. Only 5% of trees had sustained damage above a height
of 1.3 m and in damaged trees, 66% of broken or uprooted trees were conifers. Larger trees were more likely to
be wounded or dead than smaller trees, although the size of the wounds was relatively smaller in larger trees. The
species with the least proportion of damage through stem breakage, uprooting or wounding was European beech
(Fagus sylvatica L.). Winching tests were carried out on two conifer species, Norway spruce (Picea abies L.) and
Silver fir (4bies alba Mill.), as well as European beech, in order to verify the hypothesis that beech was highly
resistant to rockfall and that conifers were more susceptible to uprooting or stem breakage. Nineteen trees were
winched downhill and the force necessary to cause failure was measured. The energy (Egj) required to break or
uproot a tree was then calculated. Most Silver fir trees failed in the stem and Norway spruce usually failed through
uprooting. European beech was either uprooted or broke in the stem and was twice as resistant to failure as Silver fir,
and three times more resistant than Norway spruce. Eg,; was strongly related to stem diameter in European beech
only, and was significantly higher in this species compared to Norway spruce. Results suggest that European beech
would be a better species to plant with regards to protection against rockfall. Nevertheless, all types of different
abiotic stresses on any particular alpine site should be considered by the forest manager, as planting only broadleaf
species may compromise the protecting capacity of the forest, e.g., in the case of snow avalanches.

Introduction

The use of protection forests against the impact of nat-
ural hazards, e.g., rockfall and snow avalanches is be-
coming more and more common in Europe (Brang,
2001; Dorren and Berger, 2006; Dorren et al., 2004;
Hurand and Berger, 2002; Motta and Haudemand,
2000; Oftt, 1996). With the increase in catastrophic
events both in the European Alps (Interreg I1Ib, 2001;
Sauri et al., 2003) and in mountainous regions around
the world (Tianchi et al., 2002), research into this
phenomenon has accelerated. However, although it is

* E-mail: stokes@liama.ia.ac.cn

understood that the structure of the forest plays a vital
role in determining its effectiveness as a protective bar-
rier (Jahn, 1988; Krauchi et al., 2000), little information
exists concerning the mechanical resistance of differ-
ent tree species to different types of natural hazards.
One particular natural hazard which has been much
neglected until recent years is that of rockfall. Not only
is the movement of rocks and stones a hazard to both
people and infrastructures, but rockfall safety nets are
expensive and difficult to install and they deteriorate
with time (Dorren, 2003). If further information on the
structure of a protection forest, and the most mechan-
ically resistant species to use against rockfall could be
obtained, these data could be used as input to models of

This article has been previously published in the following journal—Plant and Soil, Volume 278, 107-117.
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rockfall dynamics (Dorren et al., 2004) and/or fed di-
rectly into management and decision support systems
(Mickovski, 2005; Stokes et al., 2004).

Even if a tree species is useful as a barrier against
one particular type of hazard, the same species may
not be suitable in protecting against a different type of
hazard e.g. Norway spruce (Picea abies L.) is not es-
pecially windfirm (Stokes et al., 2000) nor resistant to
rockfall (Hurand and Berger, 2002). However, in pre-
venting snow movement, Norway spruce is highly ef-
fective in holding in place the snow mantle (Hurand and
Berger, 2002). Therefore, it is necessary to determine
which species is best suited to a particular function. In
the case of rockfall, different types of rockfall exist, in-
cluding collapsing in mass where the volume displaced
is >5.0 m>. Individual rockfall occurs more often with
smaller volumes (<5.0 m?) displaced (Berger et al.,
2002). It is in this latter case that forests can act as a
barrier and provide a protective function. When rocks
impact against trees, different types of tree failure can
occur, including uprooting and stem breakage (Berger
etal., 2002). Certain species, particularly angiosperms,
appear to be more resistant to failure than others, of-
ten sustaining wounds only (Dorren and Berger, 2006).
It is not known which species are the most resistant
against the impact of rocks, however, foresters have
suggested from experience that broadleaf species are
more resistant against rockfall impacts, although no
particular reasons are given for this hypothesis. Only
in the literature concerning wind damage to forests,
can comparisons of different species be found with re-
gards to their mechanical resistance (Meunier et al.,
2002; Peltola et al., 2000; Stokes et al., 2000). The most
common method to compare the likelihood of stem fail-
ure or uprooting, is to winch trees sideways until fail-
ure occurs (Cucchi et al., 2004; Gardiner et al., 2000;
Moore, 2000; Stokes, 1999; Stokes et al., 2000). Cer-
tain species, e.g. Sitka spruce (Picea sitchensis Bong.
Carr) are more susceptible to stem breakage and up-
rooting than others e.g. European beech (Fagus sylvat-
ica L.) (Stokes et al., 2000). Very few data exist con-
cerning broadleaf species, primarily because conifer
species are more susceptible to damage during a winter
storm, and conifers are economically important timber
species.

One of the most important factors governing the
ability of a tree to withstand breakage or uprooting
during a storm, is the morphology of the root sys-
tem present (Cucchi et al., 2004; Dupuy et al., 2005;
Stokes et al., 2000, 2007) Trees with deep and wide
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spreading root systems will be better anchored than
those with superficial roots only (Stokes, 2002). The
shape and size of a root system is influenced by its
immediate environment as well as being inherent to a
particular species (Kostler et al., 1968). Trees grow-
ing on the thin, rocky soils encountered on mountain
slopes may therefore possess different rooting types
depending on species. The morphology of the root
system may also differ to that of the same species
growing in a deep soil on flat ground (Kostler et al.,
1968). Therefore, a well-anchored species growing in
a particular soil type, may become highly unstable in
a different environment (Dupuy et al., 2005; Moore,
2000).

In order to identify the type of tree failure which
occurs in a forest subjected to rockfall, two studies
were carried out on an active rockfall site in the French
Alps. Initially, the position, size, species and type of
damage sustained to trees growing in a mixed forest
were measured. A series of winching tests were then
carried out on Norway spruce, Silver fir and European
beech, which enabled us to quantify the mechanical re-
sistance of each species. The maximum energy required
to cause failure was then estimated, as during an impact
between a falling rock and a tree, it is the kinetic energy
of the rock which causes tree displacement. Results are
discussed with regards to management strategies for
protection forests.

Materials and methods
Study site

The study site was situated in the Forét Domaniale de
Vaujany, Vallée de I’Eau d’Olle, Isére (lat 45°12’, long
6°3"), France, at an altitude of 1350-1600 m. This for-
est is located on a northwest facing mountain side that
can be divided into two areas. First, the rockfall source
areas, which are a series of steep cliff faces dissected
by some denudation niches occurring on top of each
other. The mean slope gradient in the source area is
70° up to vertical cliffs. The second part consists of
large post-glacially developed talus cones consisting
mainly of rock avalanche deposits, snow avalanche de-
posits and rockfall scree. These large talus cones were
formed after deglaciation of the main valley. The re-
treat of the glacier resulted in tensional rebound of the
oversteepened valley slopes. This retreat led to slope
instability and landsliding (mainly rock avalanches),



Figure 1. A digital terrain model of the study area overlain by an or-
thophoto. This figure shows that the site consists of several talus cones
(dashed white lines) on which preferential rockfall and avalanche
tracks exist (white arrows; the size indicates the magnitude of pro-
cesses acting in the preferential track). The study site is depicted by
the white rectangle.

which consequently resulted in the build up of the large
talus cones (Figure 1). During the Holocene (the last
10,000 years), these talus cones have been colonised
by vegetation, eventually resulting in a forest cover.
Today, the dominant tree species on the site are Sil-
ver fir (Abies alba Mill.), Norway spruce (Picea abies
L.), European beech (Fagus sylvatica L.), Sycamore
(Acer pseudoplatanus L.), European ash (Fraxinus ex-
celsior L.) and Common hazel (Corylus avellana L.).
The forested talus cones have a slope gradient of
38°—42° and act currently as rockfall transit and accu-
mulation zones. Rocks impacting trees can cause dam-
age and are therefore disturbing the forest ecosystem.
The other major disturbances are snow creep, snow
gliding, snow avalanches, ungulate browsing and wind
loading. The effects of the mass movement processes
are clearly reflected in the slope reliefand in the vegeta-
tion as distinct preferential tracks or channels for snow
transport and falling rocks. In between the preferential
tracks, the forest is dominated by uneven aged Silver
fir and Norway spruce and in the preferential tracks
the forest is dominated by young European beech, ash
and hazel trees. A storm in 1960 resulted in the loss
of 2220 m? of timber throughout the whole forest, of
which the surface area is 818 ha (C. Bazin, personal
communication).

Inventory of damage incurred by rockfall

To determine if damage by rockfall was more frequent
in certain species compared to others, an inventory of
trees with/without damage was carried out. A 200 x
50 m corridor was defined that covered two preferential
tracks within the study site, where rockfall appeared to
be the most active (Figure 1). All trees >0.1 m diameter
were measured within this corridor. For each tree, the
species, DBH, diameter at stem base (DSB) and type
of damage were noted. Trees were noted as uprooted,
broken in the stem or wounded (height and width of
wound measured if below DBH).

In order to compare the extent of wound damage in
trees of different sizes, the percentage of dysfunctional
cambium was calculated using: (width of wound/tree
basal circumference) x 100 (Guyette and Stambaugh,
2004). Analysis of variance and y? tests were carried
out to determine if the type of damage sustained was
influenced by species and size of trees, using size pa-
rameters as covariates where necessary.

Winching tests

To quantify the mechanical resistance of a tree to fail-
ure by rockfall, bending tests in sifu were carried out.
Trees were winched sideways until failure occurs and
the force necessary to cause uprooting or stem break-
age measured. Such tests were carried out on 19 adult
trees. It was not possible to carry out more tests, as suit-
able tree material was scarce and winching tests dan-
gerous due to the unstable, steep slope. Three species
were chosen for this study, as they appeared to sustain
different types of rockfall damage at the site (see re-
sults of damage mapping). These species were Silver
fir, Norway spruce and European beech. Mean DBH
for all trees was 0.23 £ 0.08 m and height was 14.90
4 0.65 m (Table 1). The system employed was sim-
ilar to that used by Cucchi et al. (2004), Meunier et
al. (2002), Moore (2000), Peltola et al. (2000) and
Stokes (1999). A motorised winch (16 kN, Hit-Trac
16B, Habegger, Switzerland) was used to winch trees
sideways. For large trees, a pulley was also used which
doubled the winch capacity. The winch was attached to
the base of an anchoring tree at the longest possible dis-
tance to the winched tree, in order to obtain a small an-
gle 6 (Figure 2). When pulling trees downhill, a pulley
was employed to deviate the force applied, so that the
winch user would not be in the pathway of falling rocks
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Table 1. Means =+ standard error of the parameters measured for each species tested in the winching studies and necessary for
the calculation of TMyit total- Mean = standard error values of the maximum energy (Er,;1) required to cause failure in each

species are also given

Variables European beech (n = 7) Silver fir (n = 6) Norway spruce (n = 6)
Height (m) 177+ 1.8 1294+0.8 127+ 1.1

DBH (m) 0.23 £ 0.03 0.24 £ 0.02 0.24 +£0.01

Stem weight (kg) 479.0 + 129.0 257.5 +£50.2 23524421

Crown biomass (kg) 1272 £36.8 180.4 £52.9 145.6 £28.4

Total biomass (stem + crown) (kg) 606.0 £ 161.0 437.0 £92.9 380.8 + 63.6

Failure energy (kJ) 384 +12.7 227+£53 153+4.7

or branches (Figure 2). The winch cable was attached
to the test tree at a height (H,p1e) 0£4.0-8.0 m, as it was
physically difficult to attach the cable any higher, due
to the high number of branches encountered on most
trees, which hindered climbing. The force applied was
measured with a load cell (K25H20 kN, Scaime S.A.,
France) and measured every second using a datalog-
ger (Almemo 2290-8, Ahlborn, Germany). In order to
measure the deflection angle, «, of the stem during
winching, two inclinometers were nailed to the tree,
one at cable height and the second at the stem base
(Figure 2), which measured rotation of the root plate

load cell

D = inclinometers

(Cucchi et al., 2004). An identical datalogger was used
to record o every second during winching. The dis-
tance between the test tree and anchorage point was
also measured.

Once a tree had been winched to failure, several
measurements were carried out on the stem and crown
which were necessary for calculations of the total criti-
cal bending moment (TMcyit tota1) (Cucchi et al., 2004).
The relative crown length i.e. the distance between the
first living branch and the stem apex was determined,
along with the height of the first living branch. The stem
circumference was measured every 1.0 m, avoiding any

Figure 2. Trees were winched sideways and the force necessary was measured using a load cell located between the winch and anchoring tree.
When winching downhill, a pulley was used to deviate the applied force around a neighbouring tree in order to prevent the tested tree or dislodged
rocks from hitting the winch user. Inclinometers were attached at the stem base and at the cable attachment height (Hg,ple) in order to measure
stem deflection during winching. See Methods section for an explanation of symbols.
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bulging whorls or branches. Crown biomass was mea-
sured by weighing all the live branches (Table 1). Stem
green wood density (wood and bark) was calculated
using:

SectionWeight

Density = —————,
y SectionVolume

(D
where SectionVolume is the volume of a 1.0 m long
section of trunk cut from the middle of the stem vol-
ume and weighed (SectionWeight). This density was
assumed to be constant throughout the stem. Total stem
weight was estimated using:

StemWeight = Z(SectionVolume) x Density (2)

As the local environment around each tree was highly
variable, several measurements were made which took
into account the immediate vegetation conditions. The
number and species of trees within a radius of 5.0 m
was recorded, along with the distance to the nearest
tree. Soil moisture content was not measured, as it was
considered that the large quantity of rocks and stones
present would influence uprooting strength more than
soil moisture.

Calculation of critical bending moment

The force required to cause failure of a tree was deter-
mined from the recorded load cell data, and associated
values of o at the time of uprooting or stem breakage.
The critical turning moment applied at the stem base
was calculated using the method described in Cucchi
et al. (2004):

T1\/[crit,atpplied = Fy X cosa X Heple + Fy (3)

X sina X Hegpje

where F\ is the component parallel to the soil surface
and F), the component perpendicular to the soil sur-
face. Both are components of the maximal applied force
F(N) and the deflection angle « of the trunk minus the
slope angle, when the force was maximal. The tree stem
was considered as a rigid cantilever beam and stem cur-
vature was not taken into consideration. The difference
between the angle of deflection measured at the stem
base and at the height of the cable was therefore con-
sidered as negligible. Nevertheless, to account for any
stem curvature, we used a mean of the two angles to

calculate . Fy and F), were deducted from the value
of F(N) and the cable angle 6, with regards to the soil
surface. 0 was derived from the distance d between the
tree winched and the anchoring tree (Figure 2), as well
as Hcable:

F,=F xcosf and F,=F xsiné “4)
The total critical turning moment TM it totar at the stem
base adds the critical turning moment applied by the
winch (3) to the critical turning moment TMcrit, weight
due to the force resulting from the overhanging weight
of the leaning tree during winching. The weight of the
winch and cable were neglected. TMrit, weight Was cal-
culated by resolving tree weight into stem and crown
weights where the tree crown was taken as a whole and
the tree stem as 1.0-m long sections stacked on top of
each other:

TMcrit,weight =W x Gxa (5)

where W is the weight in N and G, is the final hori-
zontal position of the centre of gravity at the middle of
the crown or stem section. As tree displacement was
small, the horizontal component of G could be assim-
ilated to the height of G on the stem multiplied by
the sinus of the leaning angle given by the inclinome-
ters. For the crown and stem section above the cable
attachment point, this angle corresponds to the angle
measured at this point. Although (3) and (4) assume
the stem as a rigid cantilever, we wanted to take into
account the stem lean below this point: leaning angle is
an evolution in increments between the stem base an-
gle and the attachment point angle. Stem section mass
was deducted from the green wood density determined
for each tree and the stem section volume assumed to
be a truncated cone form. Hence, TMit, crownweight Was
directly obtained and TMcyt, stemweight Was the sum of all
the moments of tree stem sections.

Calculation of energy required to cause failure

The amount of energy (Ef;) required to cause tree
failure was calculated by integrating numerically the
total overturning moment TM, i.e. including crown and
trunk weights, over the angle o of stem lean during
winching (where o = the deflection angle of the trunk
minus the slope angle when the force was maximal.
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a was calculated as the mean of the stem two angles
measured):

n—1

ot = - > TM, ;1 +TM 6
fail = b (iy1 — o) ( i+1 i) (6)

i=1

where n = the number of data recorded just before tree
failure, and indices i the ith record in the data base.

Data were analysed using regression analysis and
relationships between a given tree parameter and
TMerit total OF Efaii Were compared using analysis of
covariance.

Results
Inventory of damage incurred by rockfall

423 trees were measured in the active rockfall corridor.
The DBH of all trees was 0.31 4= 0.10 m and DSB was
0.41 £ 0.10 m (values are means =+ standard error). The
percentage of conifer species on the site was low (23%),
with only Norway spruce (5%) and Silver fir (17%)
present. Seven broadleaf species were present, with
sycamore (24%), European beech (23%) and European
ash (23%) being the major species on the site. The re-
maining four species comprised Common aspen (Pop-
ulus tremula L.) (3%), Silver birch (Betula pendula
Roth.) (2%), Wych elm (Ulmus glabra Huds.) (1%)
and European Rowan (Sorbus aucuparia L.) (1%).
Many trees were damaged or wounded by rockfall, with
50% of broadleaf species and 65% of conifers either
wounded or dead. It was not always possible to identify

05
04 b
03
02 b

proportion of trees

01

the broken or uprooted conifer species, which were of-
ten in an advanced state of decay, therefore both Silver
fir and Norway spruce were combined for the statistical
analysis. Taking into account only those species present
>5% of the total percentage of trees, a higher number
of dead conifers was present than either wounded or
healthy conifers whereas very few dead broadleaf trees
were present. Beech was the species with the highest
number of healthy trees whereas sycamore was the most
often wounded (Figure 3). Surprisingly, only eight trees
were broken in the stem at a height >1.3 m and only
12 trees had sustained wounds above this height.

The size of the tree also appeared to influence its
state. Conifers were significantly larger in diameter
than broadleaf species, and ash was the species with
the smallest DSB (£ 336 = 3.82, p = 0.01, Figure 4).
In all species, the largest trees were the most susceptible
to being wounded and in broadleaf species, the small-
est trees were most likely to be dead (F5 336 = 16.42,
p < 0.001, Figure 4). However, a significant nega-
tive relationship between the percent dysfunctional
cambium and tree DBH existed, even though vari-
ability was high (y = —0.0593x + 39.895, R? = 0.04,
p = 0.023), i.e. although larger trees were more likely
to sustain damage, the size of wounds were relatively
smaller in larger trees. No significant differences within
or between tree species were found.

The results of this inventory permitted us to choose
three species for the study of tree winching. Both
conifer species were chosen along with beech, in
order to compare broadleaf and conifer species.
Beech was chosen because it was the species found
to have the highest proportion of undamaged trees
(Figure 3).

conifers

A. pseudoplatanus F. sylvatica

F. excelsior

Figure 3. The proportion of healthy, wounded or dead trees were significantly different depending on species (x> = 84.4, p < 0.001). Most
beech trees were healthy (white bar), whereas a high proportion of sycamore were wounded (hatched bar) and most conifers were either wounded

or dead (black bar).
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Figure 4. The diameter at stem base (DSB) influenced significantly the state of the tree. Conifers were significantly larger in diameter than
broadleaf species, and ash was the species with the smallest DSB. In all species, the largest trees were the most susceptible to being wounded
(hatched bar) and in broadleaf species, the smallest trees were most likely to be dead (black bar) when compared to healthy trees (white bar).

Winching tests

Out of the 19 trees winched downbhill in this study,
4 European beech, 2 Silver fir and 5 Norway spruce
were uprooted, whilst the remaining trees all broke in
the stem at a height <1.3 m. European beech failed at
a mean height of 5.9 + 1.4%, and fir at 17.3 + 5.0%
of the total relative stem length. Out of the beeches
that failed in the stem, all trees were found to be grow-
ing <0.5 m to a large neighbouring beech tree and
root grafting could be seen to occur in superficial roots
of neighbouring trees when the topsoil was removed
with a trowel. One beech tree was discounted from fur-
ther analysis, as the base of the tree was found to be
associated to a neighbouring tree and may have origi-
nated from this tree. Although the Silver fir trees were
sometimes growing nearby neighbouring Silver fir and
beech, no root grafting could be seen to occur. The
Norway spruce which broke failed at the stem base,
and was found to contain rotten wood in this area.
Linear regressions carried out between TMyit total
and different tree characteristics showed that the best
relationship was obtained for both DBH and total
biomass in European beech, and crown biomass in Sil-
ver fir (Table 2). No significant relationship was found
between TMcyit tora1 and any size parameter for Norway
spruce. Results showed European beech was signifi-
cantly more resistant to failure than Silver fir when
TMerit. total Was regressed with DBH, DBH; and crown
biomass (Table 2). Although no significant relationship
in TMsit tota1 and any size parameter was found in Nor-
way spruce, it could be seen that TMyit total Was very
low for this species (39.4 & 7.6 k Nm). No significant

differences in TMcyit total Were found between uprooted
and broken trees, probably due to the low number of
trees tested.

Variability in Ep; was high both within and be-
tween species (Table 1) and significant relationships be-
tween Ef,; and DBH or DBH? were found in European
beech only, the best being with DBH (Figure 5). Efj
in European beech was significantly greater than that
in Norway spruce for DBH (£} 3 = 11.55, p = 0.009)
and DBH? (F, g = 7.54, p = 0.025) only.

Discussion

Although we cannot be certain that any particular tree
was damaged through falling rocks, the type of damage
incurred suggested that rockfall was the main abiotic
stress in the corridor chosen. Nevertheless, snow or
wind damage may also have resulted in uprooted or
broken trees. 66% of uprooted or broken trees were
conifers, but it was not always possible to determine
the actual species. Only 5% of trees were broken or
wounded above DBH, as the average rock rebound
height was 1.0 m at this site (Dorren and Berger,
2006). Large trees were more likely to be wounded than
smaller trees, which may be due to a decrease in rockfall
activity over the last 50 years. However, smaller trees
were more likely to die if damage was sustained. Small
conifers were less numerous due to over browsing by
ungulates in the valley (C. Bazin, personal communi-
cations), which will also bias the results in that small,
damaged conifers were fewer due to this problem. A
large amount of mosses were observed growing on the
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Table 2. Significant regression equations for TMcrit total and each parameter measured during the winching studies of European beech and

Silver fir
Comparison

European beech Silver fir between species
Variables Regression p R? Regression P R? F 15 p
DBH (m) ¥ = 1983690x — 307681 0.011 076y =1120579x — 177738 ~ 0.017  0.80  6.73 0.008
DBH? (m?) ¥ = 3824259x — 67648 0.016  0.71 y =2269314x — 44133 0.010 0.84 542 0.017
(H x DBH?) (m%) y = 5881x + 130851 0.030  0.64 y=130311x — 12751 0.005 088 - ns
Crown biomass (kg) y =1290x — 2514 0.027  0.66 y =460x + 8856 0.002  0.92 5.44 0.017
Total biomass y =318x — 30875 0.011 0.76  y =248x — 16879 0.012 083 - ns

(stem + crown) (kg)

Data for Norway spruce were not significant and therefore not included. Regressions between species were compared using analysis of covariance.

rocks along the rockfall corridor, which also suggests
a decrease in rockfall activity over recent years.

The increase in the likelihood of damage with stem
diameter may not only be due to a decrease in rockfall
activity, but the fact that large trees are more likely to be
hit by falling rocks. Whereas small trees are more likely
to break and therefore die, older species will resist up-
rooting or breakage and sustain wounds. The larger the
tree, the smaller the percentage of cambial damage that
will occur. Nevertheless, certain broadleaf species are
able to produce scar tissue faster than fir or spruce. This
scar tissue will form around the wound and protect it
from pathogen attack (Shigo, 1986). Silver fir and Nor-
way spruce will therefore be more susceptible to infec-
tion through pathogens, leading to internal stem rot and
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decay, and ultimately resulting in weakened mechani-
cal resistance to rockfall. Bark thickness was not taken
into account, but is known to protect the living cam-
bium from wounding (Guyette and Stambaugh, 2004).
A future study should examine the influence of bark
thickness on the percentage wound damage to a stem,
for different species. Bark is usually thicker in older
trees, which may be a further reason why wound size
was relatively smaller in large trees.

The winching tests revealed that most Silver fir trees
failed in the stem, whereas Norway spruce usually
failed through uprooting. Fir trees possessed very few
roots, but these roots were large and long and penetrated
between the numerous rocks present in the soil (Stokes
et al., 2006). Therefore, it can be considered that these
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Figure 5. The amount of energy (Eg,;1) required to cause tree failure increased significantly with stem diameter at breast height (DBH) in
European beech only (y = 410.853x — 59.057, R> = 0.88, p = 0.006).

162



trees were well anchored, as the moment required to re-
sist overturning was greater than that needed to cause
stem failure. Norway spruce possessed more superficial
root systems, also with few roots (Stokes et al., 2000),
and the only Norway spruce that broke in the stem was
rotten at the stem base. Root systems of European beech
were highly branched and deeper than spruce (Stokes
etal., 2006). European beech failed several times in the
stem, but only in trees which were growing nearby other
beech trees. A high amount of root grafting could be
seen to occur between neighbouring beech trees, which
will strongly increase root anchorage. Although spruce
and fir can also graft with tree roots of the same species
(Bormann and Graham, 1959), no signs of root graft-
ing were visible in the superficial surface roots of these
trees.

European beech was the most resistant species to
failure, and mean TMcit tota1 Was nearly double that of
Silver fir and was three times larger than in Norway
spruce. The best correlations between TMcyit total and
tree size parameters were found to be DBH and total
biomass in beech and crown biomass in fir. In previous
studies, the best correlations were usually with stem
mass (Gardiner et al., 2000; Meunier et al., 2002) or
H x DHB? (Cucchi et al., 2004). It is surprising that no
significant relationship was found between TM_it total
and any parameter measured in Norway spruce. It
would probably be necessary to test a larger number of
trees in order to obtain better regressions. The rocky na-
ture of the soil also added to the variability encountered
between trees. The value of TMcsit ottt Was high for
beech, but comparable to data for other certain species
found in the literature, e.g. Pinus pinaster Ait. (Cucchi
etal., 2004) and P, radiata D. Don (Moore, 2000). Nev-
ertheless, TMcrit total 1S usually much lower, and the val-
ues for fir and spruce were similar to those for Betula
spp. and P, sylvestris L. (Peltola et al., 2000). Very few
data exist for comparisons with broadleaf species, and
none for trees growing in such conditions.

The energy (Eg,;) required to cause tree failure was
calculated from static winching data, and therefore did
not take into account crown or whole stem character-
istics. The effect of these components on the maximal
amount of energy that can be dissipated by a tree (Emax)
is considerable, as shown by Dorren and Berger (2006).
Nevertheless, these authors obtained E,,x values rang-
ing from 40—115 kJ for Silver fir with a similar DBH to
trees from our study. Our results showed that E,; was
significantly higher in European beech compared to
Norway spruce, and was strongly related to stem diam-

eter in the former species. Therefore, European beech
is not only more mechanically resistant to failure, but
can also resist rockfall better as stems can deflect more
during an impact. These results are coherent with the
results obtained by dynamic impact tests as described
by Dorren and Berger (2005). Again, the lack of signifi-
cant relationships between E'g,; and stem parameters in
Silver fir and Norway spruce tested in our experiments,
may be due to a lack of data.

These results suggest that beech would be a bet-
ter species to plant with regards to rockfall protection.
Broadleafspecies can also regenerate after damage, and
produce large quantities of scar tissue if wounded by a
falling rock. The disadvantage of broadleaf species is
that they do not prevent the formation of homogeneous
snow layers due to their reduced canopy surface in the
winter. As a result the snow avalanche risk increases in
comparison to coniferous forests. Nevertheless, more
broadleaf species would need to be tested in order to
determine which are the most resistant to rockfall, and
thus the most useful species to plant in a rockfall pro-
tection forest. The main remaining task for protection
forest managers will be to define against which natural
hazard the forest has to protect. If both rockfall and
snow avalanches are occurring, a mixed forest would
be the most effective for protection.
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Abstract

To determine which are the most important characters governing mechanical resistance to rockfall and wind loading,
static winching tests were carried out on three tree species: Silver fir (4bies alba Mill.),European beech (Fagus
sylvatica L.) and Norway spruce (Picea abies L.) in a mixed forest stand. Trees were winched to an angle of 0.25° at
the stem base, both up- and downhill in order to compare how the same individual reacts when tested in two different
directions. Trees were then winched to failure. Strain gauges were attached to the stem and one up- and downbhill
lateral root in order to determine the distribution of strain within the tree during overturning. Root morphology
was then measured for all trees which uprooted during failure. No significant differences were found in the force
necessary to winch trees up- and downhill in any species, either to an angle of 0.25° or to failure. Strain was
significantly higher in lateral roots of Silver fir than in roots of Norway spruce and European beech when winched
downhill. Downbhill roots of Norway spruce were largely held in tension when trees were pulled downhill, whereas
in Silver fir and European beech, they were held in compression. When trees were pulled uphill, no significant
differences were found between species, and strain decreased along the lateral root of downhill roots only. European
beech possessed a significantly greater number of roots than either Norway spruce or Silver fir. Norway spruce
possessed a higher proportion of total root length near the soil surface, whereas European beech had the greatest
proportion in the intermediate depth class and Silver fir had the highest maximal root depth. Norway spruce had a
significantly lower proportion of oblique roots than the other two species, resulting in a plate-like root system which
was less resistant to overturning than Silver fir or European beech.

Introduction

The use of protection forests against rockfall in moun-
tainous regions has begun to be studied in detail over
the last few years (Dorren and Berger, 2006; Dorren
et al., 2004; Hurand and Berger, 2002; Stokes et al.,
2005). Although rockfall results in an isolated impact
on a tree, many similarities can be drawn between the
tree response to rockfall and other abiotic stresses e.g.

* E-mail: stokes@liama.ia.ac.cn

wind and snow loading. When trees are subjected to
rockfall, they may uproot, break in the stem, or energy
may be transferred to the crown, causing it to break
(Dorren and Berger, 2006). Although research into the
fundamental mechanisms resulting in these three types
of failure is little or non-existent, a vast number of stud-
ies have been carried out on tree failure through wind
loading (Coutts, 1983, 1986; Crook and Ennos, 1996;
Cucchi et al., 2004; Peltola et al., 2000; Stokes, 1999),
which will provide useful information in the study of
tree resistance to rockfall.

Stokes et al. (eds), Eco- and Ground Bio-Engineering: The Use of Vegetation to Improve Slope Stability, 165-173.
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The most common method to determine tree resis-
tance to overturning, is to winch trees sideways and
measure the force necessary to cause failure (Coutts,
1983; Cucchi et al., 2004; Peltola et al., 2000; Stokes,
1999). Trees may uproot if poorly anchored, or break
in the stem if the moment required to resist overturn-
ing is greater than that necessary to break the trunk.
Although an important component of root anchorage,
root architecture has rarely been measured in studies of
overturning resistance. Hypotheses concerning the role
of root system shape and morphology have been made
by several authors (Coutts, 1983; Cucchi et al., 2004;
Mickovski and Ennos, 2002; Nicoll and Ray, 1996),
who conclude that root depth, topology, biomass and
number are all important factors to consider when ex-
amining tree anchorage.

The distribution of strain in root systems during tree
winching studies has also been studied using strain
gauges (Ennos, 1995; Stokes, 1999; Stokes et al.,
2000). Strain gauges convert longitudinal deformations
of a metal element into an electrical signal, thus in-
dicating how a material is deformed under loading.
Using such gauges, Stokes (1999) and Stokes et al.
(2000) determined the mechanical behaviour of sev-
eral forest species. It was found that in trees which
broke in the trunk e.g. Maritime pine (Pinus pinaster
Ait.), and European beech (Fagus sylvatica L.), strain
was always found to be higher in the stem than in the
roots during winching. However, in Douglas fir (Pseu-
dotsuga menziesii Mirb.) and Norway spruce (Picea
abies L.), which broke at the stem base or uprooted,
strain was always highest at the root/stem joint and in
the root system, respectively. Stokes (1999) also sug-
gested that wood cells responded to local mechanical
stress within the root, which was reflected in the strain
values, e.g. leeward roots of wind stressed trees pos-
sessed significantly higher values of strain. Therefore,
strain measurements in roots and trunks of trees dur-
ing winching should provide further information about
the behaviour of the tree when subjected to mechanical
stresses.

A significant amount of information on the struc-
tural root architecture of forest trees has been collated
in recent years (Coutts et al., 1999; Danjon 1999a,b;
Kutschera and Lichtenegger, 2002; Nicoll and Ray,
1996), not only as a response to the need for such
data by foresters concerned with the problems of wind
storms, but also due to the development of user friendly
methods for measuring root topology and geometry
(Danjon et al., 1999a,b). Although the classification
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system used by Kostler et al. (1968), whereby root
systems are classified into three shapes, shallow “plate”
systems and deeper “heart” and “tap” systems, is still
used (Dupuy et al., 2005a; Stokes and Mattheck, 1996),
a more accurate description of root architecture is nec-
essary to determine which parameter(s) govern root
anchorage. Dupuy et al. (2005b) determined numer-
ically that root topology and biomass were the most
important variables influencing root resistance in ten-
sion, however, an experimental study on forest trees has
not yet tested this hypothesis.

In order to better understand the overturning mech-
anism of trees when subjected to mechanical loading
e.g. rockfall or wind stress, three forest species were
winched both up- and downhill on an Alpine slope.
Although rockfall can only occur as a downhill abiotic
stress, wind loading can occur in any direction, and pre-
vailing winds can often be uphill (Achim et al., 2003).
Therefore, results from this study will also be useful to
foresters concerned with problems of wind instability
of plantations on sloping ground (Achim et al., 2003).
Strain in stems and roots was measured during winch-
ing and root systems were excavated and root morphol-
ogy measured in order to determine which parameter
best governs root anchorage. Results are discussed with
reference to a previous study, whereby trees on the same
site were winched to failure downslope only (Stokes
et al., in press).

Methods and materials

To determine if tree resistance to bending differed when
loaded up- and downhill, static winching tests were
carried out on 31 trees. Three species were compared:
Silver fir (Abies alba Mill., n = 12, mean DBH =
0.23 £ 0.13 m),Norway spruce (Picea abies L., n =
10, DBH = 0.24 + 0.09 m) and European beech (Fagus
sylvatica L.,n =9, DBH = 0.23 &£ 0.18 m) growing at
an altitude of 1350-1600 m in the Forét Domaniale de
Vaujany, Vallée de I’Eau d’Olle, Isére, France (means
are &£ standard error). Trees were growing on a north-
west facing slope with a gradient of 38—42°. Rockfall
and windstorms are frequent in the area. Trees were
winched sideways (up- or downhill) and the force re-
quired to cause failure was measured using a load cell.
For a full description of the site, as well as the winch-
ing tests carried out, see Stokes et al. (2005). Previous
work described only the downhill tests (Stokes et al.,
in press), however, in this study, each tree was winched



uphill as well as downhill. So as to not damage the
trees in any way, when a tree was pulled e.g. uphill,
it was winched only to a maximal stem basal deflec-
tion of 0.25° (Brudi and Wasenaer, 2002), and then
released, before being pulled downhill. Half the trees
were pulled in the uphill direction first, and then pulled
to failure downhill. The remaining half were pulled
downhill first, before being uprooted or broken when
pulled uphill.

Two lateral roots per tree were excavated, one up-
and one downhill (along the winching direction). In or-
der to measure strain in these roots during mechanical
loading, plastic backed strain gauges (Kyowa, Japan,
KFG-10-120-C1-11, 10 mm gauge length, 120 <2 re-
sistance) were used to estimate longitudinal strains
(Stokes, 1999). Strain gauges convert longitudinal de-
formations of a metal element into an electrical signal
and must be connected to a strain indicator (Kyowa,
Japan, SD-10) in quarter bridge mode, via a switch
and balance unit (Vishay Measurements Group, North
Carolina, U.S.A., SB-10), in order for the electrical sig-
nal to be converted into micro-deformations (ustrain).
Bark was removed with a chisel at DBH and every 0.2 m
along the length of a root, starting from the stem-root
joint. If it was not possible to attach a gauge every
0.2 m, due to the presence of, e.g. another root branch
or a stone, the gauge was glued at the closest possi-
ble distance. In the data analysis therefore, classes of
distance of 0-0.20 m, 0.21-0.40 m and 0.41-0.60 m
along the lateral root were used. Care was taken not
to damage the surface fibres of the wood during re-
moval of the bark. Strain gauges were glued to the wood
where the bark had been removed, using Loctite 401
multi-usage glue, which took approximately 15 min
to dry.

The initial values of each strain gauge were recorded
before winching commenced. The trees were then
pulled sideways (up- or downhill) using increments
of force of 400 N. Strain was measured in each of
the gauges after each increment of force had been ap-
plied. The tree was winched in one direction up to a
maximum deflection of 0.25° at the stem base, dur-
ing which no plastic deformation or failure appeared
to occur (Brudi and Wasenaer, 2002). The same pro-
cedure was then repeated in the other direction and the
tree winched until failure occurred. The difference in
the force necessary to winch the tree in both directions
was then calculated for each tree. Therefore, we were
able to compare tree resistance to deflection in both
directions.

Measurements of root system morphology

Once the winching tests were complete, root systems
were extracted by cutting the trunk at the base and
winching the root system out of the soil. Only 19 root
systems were analysed, as for trees that had failed in
the stem, it was too difficult to extract the root sys-
tem due to the steepness of the slope and its instability
(falling rocks were frequent during extraction of the
root systems). Root systems were then transported to
the laboratory for architectural analysis. Unfortunately,
a large number of roots were damaged or lost during
the winching and extraction process, therefore most
root systems were incomplete.

A topological and geometrical description of the
root system was carried out using a low-magnetic
field 3D digitiser (3SPACE Fastrak, Polhemus, Long
ranger option, www.polhemus.com) driven by the soft-
ware Diplami (Sinoquet and Rivet, 1997). This device
is composed of an electronic unit, a transmitter and
a receiver. For each digitised point, [x, v, z] coordi-
nates and diameter (measured manually) were assessed
jointly with the topology i.e. how individual roots are
connected to each other through branching (Danjon et
al., 1999a,b; Tamasi et al., 2005).

Once a tree had been excavated, it was turned upside
down and fixed in place for digitising. Root orientation
was not taken into consideration as many roots had been
broken during the winching and excavation process.
Data were saved in files and exported to the software
AMAPmod (Godin et al., 1997). In AMAPmod soft-
ware, root systems are represented by “Multiscale Tree
Graphs” (MTG) (Godin and Caraglio, 1998). AMTG s
a topological structure in which root data are organised
hierarchically in scales. This organisation allows each
individual root to be considered as an axis and each axis
as a sequence of root segments, a root segment being
the part of the root included between two subsequent
digitised points. The root length and volume are thus
obtained as the sum of each root segment length and
volume. A detailed description of the measurement and
analysis techniques is given in Danjon et al. (1999 a,b).

Analyses of variance were carried out to determine
if the number, size, angle and proportion of roots dif-
fered between species and between depth classes of
0.0 — 039 m, 040 — 0.79 m and >0.80 m. Where
proportions were calculated, data were arcsine square
root transformed prior to statistical analysis. According
to Dupuy et al. (2005b), the best parameters to quan-
tify root anchorage are not single parameters, e.g. root
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volume or root number alone, but a combination of two
parameters. Therefore, we also calculated the follow-
ing combinations for each tree: total root number x
total basal cross-sectional area (CSA) of second order
lateral roots (2°Ls), maximal root depth x total root
volume, maximal root depth x root number and total
root volume x total root number. Regressions were
carried out between the total critical overturning mo-
ment (TMerit total; Stokes et al., in press) for each tree
and certain root architectural parameters, including the
combinations of parameters.

Results

In a previous study, it was found that European beech
was twice as resistant to mechanical failure as fir and
three times more resistant than spruce (Stokes et al.,
2005). In this study, the mean force required to winch
a tree uphill to a deflection of 0.25° at the stem base
was 6231 £ 2133 N and 3340 + 1075 N when the
tree was winched downhill. No significant differences
were found in the force necessary to winch trees in both
directions for any species.

Strain was usually found to be highest in the region
held in tension where the tree failed (Figures 1a,b), but
this was only true in 80% of cases. Strain was found
to be significantly higher in lateral roots close to the
trunk in Silver fir and Norway spruce when winched
downhill at a given force of 1500 N (Figure 2). Strain at
the root base was similar to that in the trunk for Silver
fir only (Figure 2). When trees were winched downhill,
strain at the stem base of Silver fir was significantly
greater than in either Norway spruce or European beech
(Figure 2). In Norway spruce, mean strain at a distance
0f 0.21 — 0.60 m in the downhill root was found to be
in tension whereas the base of the same root was held
in compression (Figure 2). When trees were winched
uphill, no significant differences between species were
found and strain was greatest at the stem base in the
downhill root only (Fs 05 = 2.57, P = 0.031).

No significant differences were found between
species with regards to mean or total volume, or mean
or total CSA of 2°Ls, even when divided by the equiva-
lent stem parameter. European beech had a significantly
higher number of roots than Silver fir and Norway
spruce (Figure 3). The proportion of total root length in
each depth class was significantly greater at the most
superficial depth for Norway spruce only (Figure 4).
European beech had the greatest proportion in the
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intermediate depth class and fir had similar proportions
in all three classes (Figure 5). Mean maximal root depth
in Silver fir was twice that found in Norway spruce or
European beech (Fig. 6). Norway spruce had a signifi-
cantly lower proportion of oblique roots (0.25 & 0.09)
compared to European beech (0.55 £ 0.03) and Silver
fir (0.52 % 0.09) (F2,14 = 3.73, P = 0.05). No other
significant differences were found with regards to root
angle between species.

No significant regressions between TMyi total and a
root architectural variable, including the combinations
of parameters, were found for any species when trees
were winched to failure either uphill or downbhill.

Discussion

In a previous study on the same trees, Stokes et al.
(in press) showed that European beech was the most
resistant species to uprooting, followed by Silver fir,
then Norway spruce. Silver fir tended to break in the
stem, whereas Norway spruce and European beech
generally uprooted. In the present study, it was sur-
prising that no differences were found in root anchor-
age when trees were pulled uphill, compared to when
they were pulled downhill. According to Achim et al.
(2003), Sitka spruce (Picea sitchensis Bong. Carr.) re-
quired a significantly greater resistance to uproot when
winched uphill. The authors attributed this higher re-
sistance to a possible increase in root development
on the downslope side of the tree, although root ar-
chitecture had not been measured. However, variabil-
ity was high in our results, which was in part due to
the heterogeneous and rocky nature of the soil. Al-
though the number of trees tested was low, each tree
was tested in both directions, therefore, any differences
in anchorage when trees were pulled in different direc-
tions, should have been observed. We assume there-
fore that any root growth asymmetry along the slope
direction was not enough to affect the anchorage mo-
ment of the trees tested. It was not always possible
to predict where a tree would fail from the strain val-
ues, as suggested by Stokes et al. (2000), which may
also be due to the heterogeneous nature of the rocky
soil. However, strain was higher in the region where
failure occurred in 80% of the trees tested, whether
winched up- or downhill. Therefore, this method of
predicting tree failure can still be considered useful,
when combined with other techniques (Mattheck and
Breloer, 1994).
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Figure 1. (a) Strain on the counter-winchward (tension) side of Silver fir was significantly greater in the trunk (where failure occurred) as the
tree was winched downhill. (b) Failure occurred in the root system of European beech when winched downhill, where highest strain values were

observed.

Unfortunately, many roots were broken and lost dur-
ing the excavation process, therefore, root systems were
not intact and a large amount of variability was thus
seen in the results. Trees which had broken in the stem
(Stokes et al., 2005) were not excavated due to the diffi-
cult and dangerous nature of the work, therefore reduc-
ing sample size. European beech, the most resistant
species to uprooting (Stokes et al., 2005), possessed
twice as many roots as Silver fir or Norway spruce.
The proportion of roots with regard to length was also
greatest at an intermediate depth in European beech,

whereas Norway spruce had the highest proportion of
superficial roots and lowest proportion of oblique roots.
No relationships were found between any root architec-
tural parameter and TM; 1ot When all species were
considered separately, which may have been due to in-
sufficient data, or the fact that root anchorage is much
more complex than the analysis used in this study.
Strain was highest at the stem base in Silver fir
and European beech when pulled downhill. In Norway
spruce, strain was highest at the stem base in the up-
hill root only, whereas in the downbhill root, strain was
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Figure 2. Strain along up- and downhill lateral roots of Silver fir (white bar), European beech (shaded bar) and Norway spruce (black bar) when
trees were winched downhill (direction of arrow) at a force of 1500 N. Where roots were held in compression, data were changed to negative values
for visual purposes only. Strain was significantly greater in Silver fir close to the trunk, than in other species (/2,199 = 3.19, P = 0.045). In Silver
fir and Norway spruce, strain differed significantly along the uphill root and in all species, strain decreased in the downhill root (F5 199 =2.72, P =

0.023). Data are means =+ standard error.

highest at a distance of 0.41 — 0.60 m from the stem.
Strain was also positive between 0.21 — 0.60 m, there-
fore indicating that downslope roots were largely held
in tension when Norway spruce was winched downbhill.
Norway spruce possessed a highly superficial, “plate-
like” root system, with very few oblique roots, there-
fore, the root plate is lifted out of the soil during over-
turning (Mattheck and Breloer, 1994; Stokes, 2002).
It is considered that such plate-like root systems are
the least resistant to overturning, due largely to their
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superficial nature (Mattheck and Breloer, 1994; Stokes
et al., 2000). The position of the root system hinge
(point of rotation) plays an important role in the an-
chorage of plate-root systems: the closer the hinge is to
the trunk, the less efficient is the anchorage resistance
(Coutts, 1983, 1986). In Norway spruce, it can be as-
sumed that the hinge on the winchward side of the tree
was situated very close to the trunk, where strain values
were close to zero, which may also explain the low an-
chorage resistance of this species (Stokes et al., 2005).

Beech Spruce
Species

Figure 3. European beech (shaded bar) had significantly more roots/CSAstem than Silver fir (white bar) or Norway spruce (black bar) (£ 16=
9.38, P = 0.002). Data are means =+ standard error. Where superscripts differ, significance <0.05.
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Figure 4. The proportion of total root length in each depth class was significantly greater at the most superficial depth for Norway spruce
(black bar) only. European beech (shaded bar) had the greatest proportion in the intermediate depth class and Silver fir (white bar) had similar
proportions in all three classes (/3 42 = 23.94, P < 0.001). Data were arcsine square root transformed prior to analysis and are means + standard

€rror.

Silver fir and European beech possessed deeper
rooted systems with a higher proportion of oblique
roots. When deeper rooted systems with a large number
of branches overturn, e.g. European beech, the root-
soil ball slides into the soil and is not lifted out of
the soil as in Norway spruce (Mattheck and Breloer,
1994; Stokes, 2002). In Silver fir, however, a tap-rooted

08}

maximal root depth (m)

04t

A. alba

F. sylvatica

system (Kutschera and Lichtenegger, 2002), the long
tap root will be pushed into the soil on the counter-
winchward side of the tree (Crook and Ennos, 1997).
When European beech and Silver fir were pulled down-
hill, the winchward roots were placed in compression
as they were pushed into the soil. European beech
roots were highly numerous and strain values were

P. abies

Figure 5. Mean maximal root depth was significantly greater in Silver fir (white bar) than in either European beech (shaded bar) or Norway
spruce (black bar) (£3,16 = 5.75, P = 0.013). Data are means =+ standard error. Where superscripts differ, significance <0.05.
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generally lower, as external loading forces were dissi-
pated through the roots. As Silver fir had a lower num-
ber of roots than European beech, higher strain values
may be expected around the stem and root bases, as
mechanical stresses will be concentrated in fewer roots
(Ennos, 1995). Silver fir tended to break in the stem
during winching, indicating that the moment required
to resist overturning was greater than that necessary
to break the trunk. Root systems of Silver fir were
very deep, and often it was not possible to excavate
the entire system, therefore it can be assumed that root
depth plays an important role in the anchorage of this
species.

It is unfortunate that the orientation of each root was
not taken into consideration and no correlations could
be made between up- and downhill roots and TMit total -
It has been suggested several times in the literature that
lateral roots held in tension offer the largest resistance
to overturning (Coutts, 1983, 1986; Crook and Ennos,
1996; Stokes, 2002), therefore these roots should have
been examined more closely. If tap and sinker roots are
present, these roots may also contribute significantly
to root anchorage (Mickovski and Ennos, 2002). Root
topology is also an important factor governing tree an-
chorage (Dupuy et al., 2005b; Stokes et al., 1995), and
should be examined in intact root systems. Neverthe-
less, results from this study indicate that root architec-
ture differs between forest species, which in turn may
influence anchorage strength.

This study shows that different forest species do
not possess the same mechanical resistance to rockfall
or wind loading, and that no single underground
parameter could be identified which correlates with
TMerit total- Anchorage may be determined by a com-
bination of parameters which is species dependent,
e.g. biomass, topology and geometry, which would
necessitate a more complex analysis than that carried
out in this study (Dupuy et al., 2005a). An initial study
of anchorage should be carried out on many trees of
one species growing on flat ground, in order to remove
the slope variable. Aboveground parameters, e.g. DBH
or stem mass are therefore sufficient for use in models
concerned with the prediction of overturning resistance
for these species on this type of study site (Stokes et al.,
2005). Wood strength of species was not taken into con-
sideration in this study even though it is a factor which
will strongly determine stem breakage and should also
be examined in future studies of tree resistance to me-
chanical loading (Dorren and Berger, 2006). Putz et al.
(1983) suggested that larger trees with dense, strong
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wood were more prone to uprooting than stem snap-
ping, and this may be particularly true in a forest where
the abiotic stress is rockfall rather than wind loading.
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