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The variability of root cohesion as an influence on
shallow landslide susceptibility in the Oregon
Coast Range

K.M. Schmidt, J.J. Roering, J.D. Stock, W.E. Dietrich, D.R. Montgomery, and
T. Schaub

Abstract: Decades of quantitative measurement indicate that roots can mechanically reinforce shallow soils in forested
landscapes. Forests, however, have variations in vegetation species and age which can dominate the local stability of
landslide-initiation sites. To assess the influence of this variability on root cohesion we examined scarps of landslides
triggered during large storms in February and November of 1996 in the Oregon Coast Range and hand-dug soil pits on
stable ground. At 41 sites we estimated the cohesive reinforcement to soil due to roots by determining the tensile
strength, species, depth, orientation, relative health, and the density of roots 21 mm in diameter within a measured soil
area. We found that median lateral root cohesion ranges from 6.8--23.2 kPa in industrial forests with significant
understory and deciduous vegetation to 25.6-94.3 kPa in natural forests dominated by coniferous vegetation. Lateral
root cohesion in clearcuts is uniformly <10 kPa. Some 100-year-old industrial forests have species compositions, lateral
root cohesion, and root diameters that more closely resemble 10-year-old clearcuts than natural forests. As such, the in-
fluence of root cohesion variability on landslide susceptibility cannot be determined solely from broad age classifica-
tions or extrapolated from the presence of one species of vegetation. Furthermore, the anthropogenic disturbance legacy
modifies root cohesion for at least a century and should be considered when comparing contemporary landslide rates
from industrial forests with geologic background rates. -
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Résumé : Des décades de mesures quantitatives indiquent que les racines peuvent renforcer mécaniquement les sols de
surface dans des paysages boisés. Cependant, les foréts ont des variations d’especes et d’age qui peuvent dominer la
stabilité locale des sites d’initiation de glissements. Pour évaluer I'influence de cette variabilité sur la cohésion due
aux racines, on a examiné les escarpements des glissements déclenchés durant de gros orages en février et novembre
1996 dans le Oregon Coast range et dans des fosses creusées a la main dans le terrain stable. Sur 41 sites, on a es-
timé le renforcement du sol dd a la cohésion fournie par les racines en déterminant la résistance en traction, les espe-
ces, la profondeur, ’orientation, la santé relative, et la densité des racines 21 mm de diametre a I'intérieur d’une
surface mesurée de sol. On a trouvé que la cohésion médiane latérale variait de 6,8 — 23,2 kPa dans les foréts indus-
trielles en revégétation caduque significative, a 25,6 — 94,3 kPa dans les foréts naturelles dominées par une végétation
de coniféres. La cohésion latérale des racines dans des coupes nettes est uniformément <10 kPa. Des foréts industriel-
les vieilles de 100 ans ont des compositions d’espéces, une cohésion latérale de racines, et des diamétres de racines qui
ressemblent plus 2 des coupes A blanc de 10 années qu’a des foréts naturelles. Comme telle. 1'influence de la variabi-
lité de la cohésion due aux racines sur la susceptibilité au glissement ne peut pas étre déterminée seulement sur la base
des classifications générales d’dge ou extrapolée en partant de la présence d’une espece de végétation. De plus,
I’héritage des remaniements anthropogéniques modifie la cohésion due aux racines pour au moins un siécle et devrait
étre pris en considération lorsque ’on  compare la fréquence des glissements contemporains dans les foréts industrielles
aux fréquences des glissements d’age géologique.

Mots clés : résistance des racines, cohésion, glissement, coulée de débris, utilisation des terres, remaniement anthropo-
génique.
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Introduction

Observations of regional patterns in landsliding triggered
by large-magnitude storms typically reveal substantial vari-
ability in both the locations of landslides within a landscape
and the species composition and density of neighboring veg-
etation. Site-specific field studies commonly exhibit broken
roots within landslide scarps, indicating that the presence of
the roots modified the shear resistance of the hillslope. The
research presented here was motivated by such field observa-
tions following storms during 1996 in the Oregon Coast
Range (Taylor 1997) which caused thousands of landslides
(Robison et al. 1999), loss of human life, and subsequent
controversy over land management practices. A storm in
February 1996 triggered numerous landslides and associated
debris flows in the central and northern portions of the coast
range, including the Mapleton area in Fig. 1. According to
the Laurel Mountain, Oregon, rain gauge (part of the Na-
tional Oceanic and Atmospheric Administration — National
Weather Service (NOAA-NWS) cooperative observer net-
work) north of the Mapleton study area, the 6-9 February
1996 storm produced 27.88 in. (708 mm) of rain, with a
maximum daily total of 8.20 in. (208 mm) (Taylor 1997).
During November 1996, another severe storm hit the south-
ern Oregon Coast Range, triggering widespread landsliding
from Coos Bay east towards Roseburg (Fig. 1) and causing
six fatalities. Our own unpublished rain-gauge measure-
ments on Mettman Ridge in the Coos Bay area (asterisk in
Fig. 1) document that the storm of 16-18 November 1996
produced 225 mm of rain, with a maximum daily total of
over 150 mm. Field observations in response to these storms
revealed numerous broken roots within the slide scarps and
substantial variability of the surrounding vegetation in a va-
riety of land-use types, including unharvested, old-growth
stands of natural forests; mature second-growth stands in
commercially harvested industrial forests; recent clearcuts;
and recent clearcuts treated with herbicide intended to eradi-
cate understory vegetation and deciduous trees.

Where storms produce landslides in forested terrain, the
pattern of failures is rarely correlated solely with any single
measure of forest cover or topography. For instance, digital
terrain-based models that estimate landslide susceptibility
consistently predict larger, more numerous potential land-
slides than observed (Carrara et al. 1991; Ellen et al. 1993;
Montgomery and Dietrich 1994; Montgomery et al. 1998).
Researchers often attribute the seemingly stochastic occur-
rence of landslides to the spatial variations of topography.
soil depth, cohesion from the soil and roots, hydraulic con-
ductivity, groundwater response, and angle of internal fric-
tion (Dietrich et al. 1995; Wu and Sidle 1995; Montgomery
et al. 1997). In addition, forest clearing can increase the fre-
quency of landsliding (e.g., Sidle et al. 1985), and in south-
western Oregon contemporary landslide rates and sediment
yields in areas of recent clear-cut timber harvesting are sev-
eral times preindustrial rates (Brown and Krygier 1971;
Ketcheson and Froelich 1978; Swanson et al. 1991;
Amaranthus et al. 1985; Montgomery et al. 2000). Unfortu-
nately, these variables are exceedingly difficult to measure
and few studies have attempted to measure their spatial vari-
ation at the scale that influences slope stability. From more
than two decades of research, though, it is clear that the
binding action of roots can profoundly increase the stability
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Fig. 1. Shaded relief map showing study areas (open circles and
asterisk) in the central Oregon Coast Range where thousands of
landslides occurred during winter storms of 1996. The study ar-
eas are the Mapleton District, the Elliot State Forest (ESF),
Mettman Ridge (represented by the asterisk) northeast of Coos
Bay, and the region northwest of Roseburg that includes the
landslide and associated debris flow that caused four fatalities on
18 November 1996.

of granular, friction-dominated soils on steep slopes. Hence,
root-cohesion variability across the landscape provides a
means to significantly alter spatial patterns of landslide sus-
ceptibility.

Roots produce an apparent cohesion via root fiber rein-
forcement (here referred to as root cohesion) that promotes
slope stability in shallow soils. The stabilizing reinforcement
of roots in soil is supported by landslide inventories that
note an increase in landslide frequency following vegetation
removal (Bishop and Stevens 1964; Gray and Megahan
1981; Kuruppuarachchi and Wyrwoll 1992); accelerated dis-
placement of existing landslides following vegetation con-
version (DeGraff 1979; Swanston 1988); laboratory
experiments on rooted, artificially reinforced, and fallow soil
(Endo and Tsuruta 1969; Waldron 1977; Waldron and
Dakessian 1981, 1982; Waldron et al. 1983); slope stability
analyses of field data (Swanston 1970; Burroughs and
Thomas 1977; Ziemer and Swanston 1977; Wu et al. 1979;
Riestenberg and Sovonick-Dunford 1983; Reneau and
Dietrich 1987; Terwilliger and Waldron 1991; Riestenberg
1994); and numerical modeling analyses (Wu et al. 1988a,
1988b; Sidle 1992; Krogstad 1995).
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The effect of spatially variable root reinforcement on the
pattern of landsliding is difficult to measure with any simple
proxy. Although root cohesion likely varies with vegetation
type or age, considerable spatial and temporal variation ex-
ists in the mosaic of stand density and vegetation composi-
tion in forests. The vegetation at a landslide-initiation site
may vary with local growing conditions and the legacy of
tree senescence, fire, climate change. disease, grazing. or
logging (Franklin and Dyrness 1969). This mosaic is dy-
namic in time and space, with a continual turnover of indi-
viduals and species in response to external forcing factors.
Since the network of roots depends on the aboveground veg-
etation mosaic, the apparent cohesion provided by roots to
the soil is strongly tied to the legacy of the land.

Root cohesion values are typically back-calculated be-
cause field measurements are time consuming and regional
coverage is difficult to obtain. However, back-analysis of
root cohesion in landslides presumes knowledge of material
properties and hydrologic conditions which is rarely verifi-
able. Values from individual sites are difficult to extrapolate
because the growth habits of trees are highly variable, even
within a single species growing in different environments
(Stout 1956; Coppin and Richards 1990; Stone and Kalisz
1991), and root-thread diameter, density, geometry, and rela-
tive health are highly diverse (Wu 1995). It is difficult to
predict the variation of root cohesion at different scales be-
cause root morphology and distribution reflect both biologi-
cal mechanisms and their disruption by environmental
factors (Dean and Ford 1983). Furthermore, documented
root distributions and morphologies are highly variable
(Rigg and Harrar 1931; Ross 1932; Bannan 1940; Stout
1956; McMinn 1963; Kochenderfer 1973; Smith 1964; Eis
1974, 1987. Bohm 1979; Watson and O’Loughlin 1990;
Phillips and Watson 1994). Although ranges of root cohe-
sion values have been determined for different species of
vegetation (e.g., Endo and Tsuruta 1969; Burroughs and
Thomas 1977, Wu et al. 1979; Ziemer 1981; Riestenberg
and Sovonick-Dunford 1983; Riestenberg 1994), single val-
ues representing vegetation communities are typically
adopted for regional slope stability calculations. The adop-
tion of constant root cohesion, however, may be inappropri-
ate where root distributions vary spatially. For an
unharvested forest of the Oregon Coast Range, Burroughs
and Thomas (1977) hypothesized that forest landslides occur
within gaps of low root reinforcement or in areas where the
root-thread strength declined substantially due to decay. Af-
ter timber harvest, the interconnected network of a living
root system decreases in both density and strength, leaving
unreinforced areas around the lateral edges of individual
tree-root systems. If substantiated, this observation would
improve the understanding of why certain portions of the
landscape generate landslides in a storm while others remain
stable.

With the aim of explaining some of the spatial pattern of
landsliding, we quantified local root cohesion over the Ore-
gon Coast Range in landslides triggered during large storms
of 1996 and within pits on stable ground to address the fol-
lowing questions:

(1) Is root reinforcement within a forest so variable that
simple age classifications fail to adequately represent root
coheston?
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(2) Is there a relationship between root cohesion and aver-
age vegetation condition?

(3) How long is the period of root-cohesion recovery fol-
lowing stand disturbance or replacement?

{(4) On a regular rotation interval of clear-cutting, will in-
dustrial forests attain cohesive reinforcement from roots sim-
ilar to those of old-growth forests?

Theory

Following the work of Endo and Tsuruta (1969),
O’Loughlin (1974), and Waldron (1977), we assume the pri-
mary influence of root reinforcement can be expressed as a
cohesion term in the Coulomb failure criteria (e.g., Terzaghi
1950) where the soil-root composite shear strength, S is
expressed by

[1] Seg=¢/ +c. + (c— wpan ¢

where ¢ is the effective cohesion of the soil, ¢, is the appar-
ent cohesion provided by roots, ¢ is the normal stress due to
the weight of the soil and water of the sliding mass, u is the
soil pore-water pressure, and ¢’ is the effective internal fric-
tion angle of the soil that is unaltered by the presence of
roots (e.g., O’Loughlin and Ziemer 1982; Wu 1995). Forest
soils typically consists of root fibers of high tensile strength
and adhesion in a granular matrix of soil with much lower
tensile strength. Roots increase the strength of the soil-root
mass by enhancing the confining stress and resistance to
sliding (e.g., Waldron 1977). If root threads rupture in ten-
sion and (or) shear or if the strength of the root—soil bond is
exceeded and roots pull out of the soil matrix, this strength
increase vanishes.

We quantity the interaction between root threads and the
soil matrix such that root cohesion is limited by the thread
strength of the roots themselves, not the bond between the
roots and soil. We adopt this procedure and the following
equations for determining the increase in shear strength from
Wu (1976), Waldron (1977), and Wu et al. (1979). The ten-
sile force at failure of a root thread is expressed as TF, and
the tensile strength of an individual root thread, 7, is de-
fined so that

19
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r
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where g is the gravitational acceleration, and A; is the cross-
sectional area of the root. Assuming the roots cross a shear
zone perpendicularly and the ultimate thread strength is mo-
bilized, the total tensile root-thread strength of a given spe-
cies per unit area of soil, 7, is expressed as

[2] Tr," =8

n A
13] ,r = Tri —=
£

N8

where A /A, is the root area ratio or proportion of root
cross-sectional area to soil cross-sectional area (Ay), and n is
the number of roots in area A,. The ratio of the total cross-
sectional area of all roots to soil cross-sectional area is ex-
pressed by A./A,. In Fig. 2, the horseshoe-shaped landslide
deforms flexible, elastic roots extending perpendicularly
across a shear zone, displaced laterally by an amount X, and
distorted by angle of shear a.. The mobilization of tensile re-
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Fig. 2. Plan-form view of idealized topography with cross sec-
tions of tree trunks and roots emanating toward a shear zone on
the margin of a landslide. Root reinforcement model shows roots
oriented perpendicular to the shear zone. For a definition of the
variables see the discussion with egs. [1]-[5]. Modified from Wu
(1976) and Gray and Ohashi (1983).
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sistance in the fibers in the soil can be translated into a tan-
gential component (7,cosa tand’) and a normal component
(t,sino). Expressed as a thread strength per unit area of soil,
the root cohesion is

[4] ¢, = t(cosa tang’ + sina)

Sensitivity analyses indicate that values of cosa tang’ + sina
in eq. [4] can be approximated as 1.2 for 25° < ¢’ < 40° and
40° < a0 < 70° (e.g., Wu 1976; Wu et al. 1979). Values of ¢
for the coarse-grained colluvium at our field sites in the Ore-
gon Coast Range (described later in the paper) generally
vary between 35° and 44° (Yee and Harr 1977; Schroeder
and Alto 1983; Burroughs 1985; Wu et al. 1988a). Results
of Waldron (1977) and Wu et al. (1979) confirm that o var-
ies at most between 45° and 70°. In addition, experimental
direct shear tests on dry, fiber-reinforced sand by Gray and
Ohashi (1983) indicate that the greatest reinforcement oc-
curs when a fiber is oriented at 60° with respect to the defor-
mation zone. It is unclear how saturated conditions may alter
o and relative fiber reinforcement. Equation {4] is modified
to determine the total root cohesion arising from root rein-
forcement of a given species, such that

n A :
15] | 5ic s B2 T <2
=1 As

Greater values of ¢, arise from high-strength root threads,
larger diameter roots, and (or) increased root densities.

In composite materials, such as a soil reinforced by root
fibers, loss of root cohesion can also occur by debonding
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failure or root slippage, such that the pull-out resistance of
the bond between the root and soil is less than the root-
thread strength. From laboratory experiments Waldron and
Dakessian (1981) concluded that root slippage rather than
breakage was a limiting condition of root reinforcement in
fine-textured soils. The force, £, required to break the soil-
root bond, p, along a length of root, L, for dry conditions
can be approximated as

[6] F,=mduL

where d is the root diameter, and 7d is the perimeter of the
root (e.g., Ennos 1990). Field experiments by Anderson et
al. (1989) and Riestenberg (1994) support the relation ex-
pressed by eq. [6]. For a given diameter, the length of root
stressed increases with an increase in the force required for
debonding failure. It is difficult, however, to quantify soil—
root pull-out resistance over large areas because of the
branching, lateral network of roots, presence of root hairs,
and interlocking nature of roots from separate plants. The
widespread presence of broken roots within landslide scarps
in our field area, though, indicates that the pull-out resis-
tance exceeded the root-thread strength, otherwise the roots
would have pulled completely out of the soil matrix, reveal-
ing unbroken root networks. We suspect that root breakage
begins with partial debonding between the soil-root inter-
face followed by root-thread failure. In highly branched root
systems, the density of roots per unit area of soil may enable
tension to be transferred rapidly to the soil via shear before
root pull out occurs (e.g., Ennos 1990).

On the basis of our field observations, laboratory research,
and previously published research, we make the following
assumptions in the ensuing analyses:

(1) The tensile strength of individual root fibers is fully
mobilized (not just bond failure between the soil and root).
Our calculation of root cohesion includes only those roots in
landslide scarps which broke as a result of landsliding, evi-
dence that their strength was fully mobilized. We may, how-
ever, overestimate root cohesion for hand-dug pits because
we include all root threads intersecting the walls of the pit,
not solely the subset of roots that broke in response to
landsliding. This overestimation is likely offset by the fact
that we omit the pull-out resistance of the unbroken roots in
landslide scarps which also increases relative root cohesion.

(2) The effective internal friction angle, ¢', is unaffected
by root reinforcement. Although laboratory analyses by
Endo and Tsuruta (1969) substantiate assumption 2, it is un-
clear how scale effects modify the contribution to the soil
mass frictional strength in the field.

(3) All broken roots failed simultaneously. During
landsliding, it is unlikely that all roots are simultaneously
loaded to their ultimate tensile strength, hence we may over-
estimate root cohesion in landslides characterized by slow
deformations where roots progressively fail over time. Field
measurements of root extraction by Riestenberg (1994) indi-
cate that branches of a root break sequentially as roots are
displaced within the soil. Roots aligned parallel to the direc-
tion of maximum tensile force receive the largest load and
fail first. When a large amount of multibranched root mate-
rial is present, as with many species of vegetation in the
study area, the applied load causes the soil-root mass to be-
have as a unit (Coutts 1983). Furthermore, all the landslides
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investigated in this study mobilized into debris flows and
thus we infer that most initiated rapidly in response to high-
intensity rainfall with quasi-synchronous failure of the root
threads.

(4) Roots are flexible and are initially oriented perpendic-
ular to the shear zone (Fig. 2). Laboratory tests reveal that
reinforcing fibers oriented perpendicular to a shear zone pro-
vide reinforcement comparable to that of randomly oriented
fibers (Gray and Ohashi 1983).

(5) Root cohesion increases are directly proportional to
A,/A,. Field measurements of root extraction force (Ander-
son et al. 1989; Riestenberg 1994) and laboratory analyses
on the effects of roots on shearing resistance (Kassiff and
Kopelovitz 1968; Waldron and Dakessian 1982; Gray and
Ohashi 1983) substantiate this assumption, as root reinforce-
ment expresses a positive relationship with root cross-
sectional area. The results of Gray and Ohashi (1983) indi-
cate that shear strength increases are directly proportional to
A,/A,, whereas Jewell and Wroth (1987) and Shewbridge
and Sitar (1989) argue that the strength increase in rein-
forced soil is slightly nonlinear. That is, we may overesti-
mate root cohesion at sites with high root densities (values
of A,/A; > 0.005).

(6) The potential effect of pore-water pressure on c, is ne-
glected. We also neglect any variation in ¢, arising from
changes in surface tension in the unsaturated zone.

(7) Root cohesion neglects the bending moments of the
individual root threads. Experiments by Shewbridge and Si-
tar (1990) indicate that methods based on the development
of tension within the reinforcing fibers (neglecting bending
moments) are sufficient to represent root reinforcement.

In summary, our estimates of ¢, may overestimate values
for pits where we quantify reinforcement based on all roots
intersecting the pit walls and at sites that experienced slow,
progressive strain where individual branches of a root net-
work break sequentially. Our field observations taken prior
to root decay and landslide scar degradation, though, con-
firm that the majority of roots intersecting landslide scarps
broke in response to landslide deformation. The resulting es-
timate of ¢, is used in slope stability analyses and provides a
systematic measure of relative root reinforcement in differ-
ent land-use types and vegetation conditions. Although more
complex root reinforcement models exist, they often require
time-consuming excavations to document the branching
character of the root network (e.g., Wu et al. 1988b). As our
goal was to document the variability of ¢, over large areas at
a great number of sites, we adopted a simple model employ-
ing data obtained by field measurements.

Slope stability and hydrologic modeling

As hydrologic response to rain and slope stability vary
across the landscape with topographic curvature, hillslope
gradient, and soil properties, we incorporated site-specific
representations of the topography into an idealized
hydrologic routing model. Field measurements of the local
topography surrounding landslide scarps were used to evalu-
ate differences in the measured root cohesion and back-
calculated hydrologic conditions at failure. Here the terms
landslide scarp or main scarp are used in accordance with
Cruden and Varnes (1996) such that they represent a steep
surface on undisturbed ground at the upper edge of a land-
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slide caused by movement of displaced material away from
the undisturbed ground.

Shallow-soil slope stability is typically approximated as
the one-dimensional case where root cohesion is limited to
the unique case of basal anchoring. Numerous researchers,
however, recognize that an infinite slope approximation ig-
nores the contribution of roots along the perimeter of a land-
slide mass (Riestenberg and Sovonick-Dunford 1983; Wu
1984a; Burroughs 1985; Reneau and Dietrich 1987,
Terwilliger and Waldron 1991). Our own field observations
document that the majority of roots in the Oregon Coast
Range grow slope parallel, with few anchoring into the bed-
rock surface. Therefore we adopt an expanded one-
dimensional stability analysis that includes cohesion acting
over both a basal surface and the lateral perimeter of a land-
slide source volume. The influence of buttressing and arch-
ing on the soil arising from root mats is neglected because
we cannot reproduce the prelandslide configuration of trees
with variable diameters and associated roots within the land-
slide.

The shear stress, T, acting over the basal area of the land-
slide, Ay, is represented by

(71 T = Ayp,gz sin0 cos0

where p; is the saturated sediment bulk density, z is the verti-
cal colluvium thickness, and 0 is the ground surface slope.
Expanding on eq. [1], the resisting force is approximated as

[8] Sy =iy + cpdy + Aylp, — PuM)gz cos?6 tang!

where ¢, is the sum of the effective soil cohesion (¢ ') and
the root cohesion (c,) along the perimeter with lateral area
A,, ¢y, is the basal cohesion comprised of the sum of effective
soil cohesion (cg,') and the root cohesion (cy,), p,, is the bulk
density of water, and M is the ratio of the height of the
piezometric surface above the base of the colluvium (h) to
the total vertical colluvium thickness (z). This approach ne-
glects lateral earth pressure and the frictional components of
resistance along A;. At a factor of safety of unity, Tt = §; and
landsliding occurs. Solving for the critical proportion of sat-
urated regolith necessary to trigger landsliding, M., yields

9] M =

A + CpAp + App.8z, cos® Otan ¢ — A,p gz sin O cos O

App gz cos® Otan ¢f

Gathering similar terms results in

QA + Ay i Byl tan 0
Appwgzcos’Btand p, | tand

[10] M, =

The simple hydrologic model used here to determine the
relative degree of saturation estimates steady-state, shallow
subsurface flow driven by local topographic controls
(O’Loughlin 1986) and follows the subsequent development
by Dietrich et al. (1992). This model includes variables
(upslope drainage area, contour width through which water
in the upslope drainage area flows, and upslope gradient)
that can be extracted from digital elevation models or, as ob-
tained here, measured in the field (Fig. 3). In Fig. 3 the
idealized topography receives a steady-state rainfall g (rain-
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Fig. 3. Conceptual hydrologic model used to infer the relative
degree of saturation. Lateral root cohesion measurements were
obtained in landslides or pits defining b. See discussion associ-
ated with eqgs. [11]-[13] for description of variables.

al

|
i

fall minus evapotranspiration with no leakage into the bed-
rock) that contributes to an upslope drainage area A and
flows through contour length b. The depth-integrated, satu-
rated soil transmissivity (assumed to be constant) is 7. Dis-
charge of water, Q, through the regolith is defined as

A
11 =q2
HURERe, 2

where A/b is the drainage area per unit contour width
(Fig. 3). Assuming Darcian flow parallel to the ground sur-
face, M can be expressed as

gA

12 =
[12] Thsin 6

where 0 is the head gradient driven by the ground surface
slope. At the time of landsliding M = M, and higher values
of M, are used to estimate relative hydrologic response. For
more detailed discussions of the model, its assumptions, and
performance see Dietrich et al. (1993, 1995), Montgomery
and Dietrich (1994), and Montgomery et al. (1998, 2000).

Through egs. [10] and [12] the conditions necessary to
trigger landsliding can be expressed as

[13] { \ _bsm@( QA + CpAp +&Ll_tan9]1

h 5 L
Wi J( A | Appygzcos?Btand p, tan ¢

where the ratio (g/T), represents the critical magnitude of the
apparent, steady-state rainfall, g, to the subsurface ability to
convey water downslope, 7. All else constant, the larger the
value ¢ relative to 7, the more likely the hydrologic response
will reach levels capable of inducing instability. As the
hydrologic parameters of ¢ and T are largely unconstrained
and likely to vary considerably in both time and space, we
opt to solve for the ratio (g/T)..

Study areas

Portions of the Oregon Coast Range are highly dissected
with narrow ridgetops, steep slopes (32—47°), and local re-
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lief typically less than 1000 m (Fig. 1). Landslides in shal-
low soil, and associated debris flows, can act as a primary
sediment transport mechanism in the region (e.g., Burroughs
and Thomas 1977; Pierson 1977; Dietrich and Dunne 1978;
Swanson et al. 1981; Amaranthus et al. 1985; Robison et al.
1999). Furthermore, research indicates that many of these
landslides occur during intense rainfall, mobilizing into de-
bris flows (Pierson 1977; Montgomery et al. 1997). The Or-
egon Coast Range has also been the focus of intense
industrial forestry, with accelerated landsliding after logging
and road construction (Swanston and Swanson 1976;
Swanson et al. 1977, 1981; Ketcheson and Froehlich 1978;
Gresswell et al. 1979). Precipitation occurs mainly during
the winter in this wet, mild, maritime climate, with mean an-
nual totals between 1500 and 3000 mm (Corliss 1973).

Bedrock and soil properties

We examined 41 sites within the three study areas de-
picted by the open circles and asterisk in Fig. 1. All sites are
underlain by arkosic, feldspathic, and micaceous rhythmi-
cally bedded sandstone with mudstone and siltstone
interbeds of the Eocene Tyee or Flournoy formations (Dott
1966; Lovell 1969; Walker and MacLeod 1991). Many of
the beds are graded. ranging from coarse sandstone at the
base to fine sandstone and siltstone above. The colluvial
soils derived from this bedrock are well-mixed, nonplastic,
gravelly sands with sandstone clasts up to tens of centi-
metres in diameter. Laboratory tests reveal a nonplastic col-
luvial material with a mean Atterberg plastic limit of about
56% (Schmidt 1999). Stress path analyses of low confining
stress triaxial strength tests (our own unpublished study of
eight tests on five samples from two different sites) indicate
the colluvium has a friction angle of ¢ = 40° and is essen-
tially cohesionless (¢, = 0). Previously published values of
internal friction angles for colluvial soils derived from the
Tyee Formation vary from 35° to 44° (Yee and Harr 1977;
Schroeder and Alto 1983: Burroughs 1985, Wu et al.
1988a). Consistent with Yee and Harr (1977), our triaxial
strength tests indicate that the soil is essentially cohesionless
(¢ = 0). Continual mixing and downslope transport due to
gravitational creep, intense bioturbation, and tree throw on
the steep hillslopes preclude development of significant
pedogenic structure and result in a colluvium that varies lit-
tle in depth and space. The colluvial soil is mapped by
Haagen (1989) as a very gravelly sandy loam at the surface
to a cobbly loam at depth. Under the Unified Soil Classifica-
tion System the soils are classified as GM.

Land ownership

The 41 sites are located on private, state, and federal land
exhibiting a wide variety of management techniques and
varying levels of anthropogenic disturbance. As a separate
study, the Oregon Department of Forestry (ODF) initiated
ground-based field studies to map and characterize more
than 400 landslides surveyed over 50 square miles (130 km?)
(Robison et al. 1999). We used the ODF maps to locate
some of the same landslides to quantify root cohesion in var-
ious vegetation communities. We examined landslides occur-
ring in November 1996 that were located northeast of Coos
Bay in the Elliot State Forest (ESF), in private timber land
northeast of Coos Bay, and in private timber lands northwest
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Table 1. Twelve dominant and 16 associated species of coniferous, hardwood, and understory vegetation in the Oregon Coast Range.

Dominant species

Associated species

Coniferous

Douglas-fir (Pseudotsuga menziesii)
Western hemlock (Tsuga heterophylla)
Hardwood

Oregon maple (Acer macrophyllum)

Grand fir (Abies grandis)

Big leaf maple (Acer macrophyllum), Douglas maple (Acer glabrum), cinquapin

(Castanopsis chrysophylla), madrone (Arbutus menziesii)

Red alder (Alnus rubra)

Vine maple (Acer circinatum)
Understory

Blue elderberry (Sambucus caerulea)
Foxglove (Digitalis purpurea)
Himalayan blackberry (Rubus discolor)

Beaked hazelnut (Corylus cornuta var. californica), sitka willow (Salix
sitchensis)
Pacific rhododendron (Rhododendron macrophyllum)

Salmonberry (Rubus spectabilis), black raspberry (Rubus leucodermis), trailing

blackberry (Rubus ursinus), black gooseberry (Ribes lacustre)

Dull Oregon grape (Mahonia nervosa)

Pearly everlasting (Anaphalis
margaritacea)

Sword fern (Polystichum munitum)

Thimbleberry (Rubus parviflorus)

Salal (Gaultheria shallon), kinnikinnick (Arctostaphylos uva-ursi)

Piggy-back plant (Tolmmiea menziesii)
Red huckleberry (Vaccinium parvifolium)

Note: See Fig. 5 for critical tensile force curves of the roots of the dominant species. Tensile force curves for associated species of vegetation are tied

to that of the dominant species.

of Roseburg. Farther north in the Mapleton District, a com-
posite of federal and private lands, we examined landslides
triggered during storms in February 1996. We visited land-
slides within 7 months of each storm (some within 2 days of
landsliding), prior to the decay of the small-diameter roots
and degradation of the landslide scarps. Our aim was to
sample sites containing common vegetation communities of
the region.

Vegetation characteristics

The regional “Tsuga heterophylla” vegetation zone, ex-
tending from British Columbia south to the Klamath Moun-
tains, delineates where vast stands of Douglas-fir
(Pseudotsuga menziesii)y and coastal western hemlock
(Tsuga heterophyvlla) once occurred, and as such it is impor-
tant to timber production (Franklin and Dyrness 1969). All
the coniferous and most of the hardwood vegetation are
characterized by a single upright trunk that branches in the
upper part to form a crown. The understory vegetation can
be dense with many well-branched stems within 2 m of the
ground surface. In Table 1 we identify 12 dominant species
of conifer, hardwood, and understory vegetation; we directly
measured the strength of individual root threads of these
species. Root strength regression curves for the additional 16
associated species of vegetation were correlated to the domi-
nant species (shown in Table 1).

Within the larger Tsuga heterophylla zone, subsets of veg-
etation communities form in response to local growing con-
ditions and land-use history. Our research quantifies root
cohesion in a variety of vegetation communities with vary-
ing density, species composition, and health—condition in the
regions noted in Fig. 1. We chose not to label land-use cate-
gories exclusively as a function of forest stand age because
this label can belie a complicated history. In addition to the
stand age of the dominant vegetation, we include the relative
level of anthropogenic disturbance. Ten categories associated

with the style of measurement and local management-related
activities were identified for the 41 study sites (Table 2):
(1) pit in natural forest with trees ~300 years old (n = 3),
(2) landslide in natural forest with trees ~200 years old (n =
1), (3) inferred natural forest root cohesion from stumps and
roots of ~300-year-old trees surrounding landslide in 9.5-
year-old clearcut (n = 2) (to infer the root cohesion of the
natural forest, the decay function of eq. [14] is ignored; ¢ =
0), (4) blowdown-induced landslide in natural forest with
trees 200-300 years old (n = 2), (5) pit in industrial forest
(ESF) with trees 100 years old in a forest that was commer-
cially thinned approximately 30 years prior to measurement
(n = 2), (6) landslide in industrial forest (ESF) ranging in
age from 96 to 109 years old where sites experienced prior
clear-cutting without subsequent planting (rn = 12), (7) land-
slide in industrial forest (Mapleton) with trees ranging in age
from 43 to 123 years old (#n = 2) (the 43-year-old site was
planted with fir seedlings after harvest, whereas the [23-
year-old site was not replanted), (8) pit in clearcut ranging in
age from 9 to 11 years (n = 8), (9) landslide in clearcut rang-
ing in age from 6 to 9.5 years (n = 8), and (10) pit in
herbicided clearcut <4 years old (n = 3). Sources for stand
age include unpublished ODF data and unpublished data ob-
tained during this study. All landslides are “in-unit” failures.
That is, none are directly related to road drainage or mass
wasting of engineered fill or sidecast along roads.

The natural or old-growth forest sites (categories 1-4)
were selected to provide a spectrum of root cohesion within
unharvested forests. Natural forests are dominated typically
by Douglas-fir, western hemlock, vine maple (Acer
circinatum), and sword fern (Polystichum munitum). Species
surrounding the natural forest landslide of category 2 were
dominated by vine maple with Douglas-fir and red alder
(Alnus rubra). Unharvested, natural forest stands are as-
signed a 300-year age, as a stand-resetting fire occurred over
much of the study area at this time. Root cohesion for sites
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Table 3. Quantity and size of hardwood (red alder and Oregon maple) and coniferous (Douglas-fir and west-
ern hemlock) trees within 12 m surrounding landslide scarps in the Mapleton District (n = 21) and Elliot

State Forest (n = 12).
Hardwood Coniferous
Live Dead Live Dead Stumps
No. of trees per landslide
Mapleton District 6.7 0.2 i 0.7 0
Elliot State Forest 2.8 0.1 3.5 0.8 0.8
Mean diameter at breast height of trees (+ standard deviation; m)
Mapleton District 0.21+0.17 0.33£0.10 0.81£0.49 0.88+0.43 na
Elliot State Forest 0.16£0.15 0.40 0.63+£0.37 0.88+0.40 0.97+0.29

Note: na, not available.

within category 3 was calculated based upon the diameters
of roots associated with old-growth coniferous stumps iden-
tified in the field, as if the roots were alive. Although some
of the smaller diameter roots may have completely decayed
in the 9.5 years since cutting, the recognition of roots ema-
nating from stumps provides a means to infer root cohesion
at the time of harvesting. In category 4, areas of blowdown
in natural forests represent sites where a lever-arm influence
from the length of falling tree augments the hydrologic re-
sponse to induce landsliding. The wind pressure on trees
generated by the bulk aerodynamic resistance of vegetation
is not considered in our slope stability analyses. The diame-
ter at breast height of Douglas-fir trees within categories 1
and 4 typically ranges between 0.5 and 1.5 m.

We use the term industrial forest (categories 5-7) to de-
note commercially harvested stands of trees in the Mapleton
District and Elliot State Forest. These stands are signifi-
cantly influenced by land management such as previous tim-
ber harvesting, commercial thinning, or intentional use of
fire (much of the vicinity was burned in the late 19th Cen-
tury to flush game and clear land). Industrial forests consist
of a mosaic of conifers (Douglas-fir and western hemlock),
hardwoods (Oregon maple (Acer macrophyllum) and red al-
der), and understory vegetation. The pits representing cate-
gory 5 were located in an area that was clear-cut 100 years
prior and commercially thinned about 30 vears prior to the
measurement of root cohesion. Within categories 6 and 7,
landslides in the commercial lands of the Mapleton District
and Elliot State Forest, the mean number of live hardwood
trees (primarily red alder and Oregon maple) within 12 m
surrounding a landslide scarp exceeded that of live conifer-
ous trees (Douglas-fir and western hemlock) (Table 3). The
mean number of nearby (i.e., <12 m radius) live hardwoods
ranged between roughly 3 and 7 trees per landslide, whereas
the number of live coniferous trees was only 1-3.5 trees per
landslide. The diameter at breast height of live conifers
(0.63-0.81 m), though, exceeded that of live hardwoods
(0.16-0.21 m) for both sites. The relative lack of coniferous
vegetation and dominance of hardwood vegetation in indus-
trial forests was distinctive for sites harvested up to 100
years prior to the measurement of root cohesion.

Recently established vegetation in clearcuts less than 11
years old (categories 8 and 9) was distinguished by an abun-
dance of understory vegetation, red alder, and planted coni-
fer seedlings. The sites in category 10 (herbicided clear-cut
pits) were clear-cut harvested and treated with herbicides to

halt the growth of understory vegetation less than 4 years
prior to the root cohesion measurements. Vegetation was
dominated by planted saplings of Douglas-fir, pearly ever-
lasting (Anaphalis margaritacea), Himalayan blackberry
(Rubus discolor), and sword fern.

Methods

Site characterization

In the field we examined landslide source volumes trig-
gered by storms in 1996, areas of wind-induced blowdown,
and hand-dug pits with vertical exposures greater than 1 m?
extending to the colluvium—bedrock interface. Hand-dug pits
were selected in steep, hillslope hollows (areas of topo-
graphic convergence) filled with colluvium, as they represent
potential initiation sites of shallow landslides. Tree and
stump spacing was measured with a fiberglass tape. and pits
were dug midway between neighboring trees or stumps.
Ground surface slope, 6. was measured over the length of the
landslide or hillslope hollow using hand-held clinometers.
Similarly, the ratio A/b was determined from field measure-
ments rather than from digital elevation models. The upslope
contributing area, A, was measured with a laser rangefinder
and (or) fiberglass tapes and was defined based upon local
drainage divides visible from the ground surface such as
interfluves and ridge tops. The contour width through which
the subsurface discharge flows, b, was represented by the
width of the landslide scarp.

Root cohesion calculation

Root cohesion, c¢,, was estimated by calculating the root
area ratio, A,/A,, and root-thread strength, T, for separate
species of vegetation. To calculate the root cohesion specific
to individual species, we carried out tensile strength tests for
thread diameters up to 6.5 mm for 12 species of vegetation
characteristic of the field area (Table 1). We trimmed 15—
20 cm long root segments from the plant, measured diame-
ters including bark, clamped one end of the roots to a cali-
brated spring, and loaded roots to failure in tension similar
to the procedure described in Wu et al. (1979). The load reg-
istered on the spring at failure determined the maximum ten-
sile force provided by the root. Regression curves of the
thread strength versus root diameter data were subsequently
used to extrapolate root tensile strength for threads >6.5 mm
in diameter.
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Fig. 4. Photograph of broken roots (highlighted) in landslide scarp within Elliot State Forest. Roots did not simply pull out of soil ma-
trix, but broke during the landslide. Note 2 m tall person for scale in center (in center of annotated circle) and absence of roots on the

basal surface of the landslide.

We measured characteristics of all roots with diameters
>l mm in regions with differing vegetation communities.
Field-measured root attributes included species, diameter
(measured with micrometer), vertical depth relative to the
ground surface, whether the root was alive or decaying,
whether the root was broken or intact, and cross-sectional
area of colluvium over which roots act. The root attribute in-
ventory was divided into polygons of similar soil depth with
a typical length of about 2 m along the landslide scarps.
Root cohesion for each polygon was calculated separately
and the spatially weighted mean was used to represent a sin-
gle value of root cohesion for a site.

Live and decaying roots were identified based on their
color, texture, plasticity, adherence of bark to woody mate-
rial, and compressibility. For example, live Douglas-fir roots
have a crimson-colored inner bark, darkening to a brownish
red in dead Douglas-fir roots. Both are distinctive colors.
Live roots exhibited plastic responses to bending and strong
adherence of bark, whereas dead roots displayed brittle be-
havior with bending and poor adherence of bark to the un-
derlying woody material. We measured the tensile strength
of decaying root threads within clearcuts and found that
their tensile strength was significantly lower than their ulti-
mate living tensile strength. We assumed that all dead roots
in forested areas (both natural and industrial) and dead

understory roots in clearcuts had no root cohesion because
we do not know the timing of plant mortality and hence the
relative decrease in thread strength. Consequently, calcu-
lated root cohesion is conservative on the low side because
decaying roots continue to contribute a finite amount of co-
hesion. We did not systematically characterize the decay
function of all the species in the area. Instead we uniformly
characterize the tensile strength decrease over time of all co-
nifer roots (living and decaying) with the coast Douglas-fir
decay function defined by Burroughs and Thomas (1977),
such that

[l T = [.04(2.5léd“h)l.x—n.()ﬁ\i

where d,,, is the root-thread diameter (mm) without bark, 7 is
the time since timber harvest (months), and TF, is expressed
in kilograms. Live root tensile strength is calculated with ¢ =
0. Burroughs and Thomas determined eq. [14] by breaking
roots in tension up to 14.3 mm in diameter (without bark)
using a hydraulic-pressure device to anchor the root ends.

Results
Field observations illustrate that root networks of the 12

dominant species (Table 1) varied from fine fibrous systems
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Fig. 5. Critical tensile force of individual root threads of varying diameter for the 12 primary species of vegetation (Table 1). Note sig-
nificant decrease in tensile force for live roots of Douglas-fir trees in the ESF damaged in thinning operation during the 1960s (solid

circles).
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through intricate branched systems and growth habits of
trees and understory vegetation were highly variable, even
within one species growing in different environments. The
majority of roots emanating from landslide scarps were ori-
ented roughly parallel to the ground surface within the collu-
vium. In response to the steep topographic gradients, roots
appear to preferentially grow upslope, oriented opposite to
the greatest downslope component of gravity. The associated
tensile stresses may stimulate roots to thicken in the upslope
direction and function as anchors. Large, vertical taproots
extending downward into saprolite and fractured bedrock
were uncommon, most likely because in moist soils with
high groundwater levels roots tend to spread laterally, form-
ing plate-like or disk-like root masses. The colluvial soil de-
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posits of the landslides examined were sufficiently thick that
the bulk of the roots did not penetrate into the bedrock and
the occurrence of roots on the basal area of the landslides
was uncommon.

We noted a preponderance of exposed, blunt stubs of bro-
ken roots in the margins of recent landslide scarps (Fig. 4),
solid evidence that roots broke prior to pulling out of the soil
matrix (also identified by Wu 1976 and Gray and Leiser
1982). Roots terminating in blunt ends often protruded up to
tens of centimetres from the scarp. Roots were not straight
and smooth, but rather exhibited tortuous growth paths with
a firmly anchored, interlocking structure. Wu et al. (1988b)
concluded that resistance of relatively weak soil is insuffi-
cient to prevent roots from straightening out during soil
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shear at shallow depths. Therefore, root threads with high
tortuosities will straighten prior to breaking and can result in
a length of root jutting out from the scarp toward the evacu-
ated landslide source volume. Similarly, broken roots may
be concealed within the mass of remaining colluvium, mak-
ing them difficult to identify without substantial excavation.
Furthermore, longer roots mobilize their maximum tensile
strength at higher displacements than shorter roots because
pullout resistance increases with root length until the break-
ing strength of the root is reached (eq. [6]). In the runout
path of the debris flows originating from the landslides,
however, we noted that root tendrils were extremely abraded
by the passage of debris but remained intact, displaying the
entire branched network of roots including fine fibers
<l mm in diameter. Hence roots outside of the landslide
source volume attest to an evacuation of soil from around
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the root network or a pulling out of the roots from the soil
matrix.

Species variation of tensile root force

We generated 12 tensile force curves characterizing both
the primary and secondary vegetation (Table 1; Fig. 5) in the
study area. The tensile force of root threads at failure in-
creases with an increase in diameter such that second-order
polynomial regression curves (TF, = jd + kd®) fit the data
well. In Fig. 5, regressions are plotted as broken lines with
associated regression coefficients, r; TF, is expressed in kilo-
grams, d is the root-thread diameter with outer bark (mm),
and j and k are constants specific to a given species. Mea-
surement of root length before and after strength testing re-
veals that plastic deformation prior to brittle failure
produced strains of roughly 5-10%. In addition to root di-
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Fig. 6. Median rooting depth versus median colluvium depth for different land-use types and vegetation communities. The broken line
represents rooting depth of 0.5 m, and the solid line a one-to-one relationship between rooting depth and colluvium depth.
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ameter, tensile force variation within a given species may
arise from different growing environments (Burroughs and
Thomas 1977), growing season (Hathaway and Penny 1975),
or root orientation, where those roots growing uphill are
stronger than those oriented downbhill (Schietchtl 1980). The
observed lateral roots of plate-like root systems which grow
close to the ground surface experience higher bending
stresses than highly tapered roots of heart or tap systems,
and as a result the root wood of plate-like root systems is
stronger (Stokes and Mattheck 1996). These environmental
factors engender changes in tracheid length, specific gravity,
fibril angle, and cellulose content, all influencing the amount
of material resisting applied stress (Ifju and Kennedy 1962).
Environmental variations are clearly expressed in the case of
Douglas-fir subject to varying land-use histories (Fig. 5).
Healthy Douglas-fir roots were measured in both unhar-
vested, natural forests and in areas of 7- to 8-year-old
planted seedlings after clear felling (plotted as open circles
in Fig. 5). Alternatively, in portions of the ESF the
yarding-cable, thinning operations in the 1960s damaged
tree canopies and scarred trunk bark. Subsequent fungal in-
festation appears to have weakened the trees, and the roots
chronicle this disturbance with lower thread strengths. Be-
cause we do not know the spatial extent of the damaged
roots resulting from this thinning operation, we carried out
all subsequent analyses using the ultimate (healthy) root
tensile strength. The tensile root strength data for Douglas-
fir and western hemlock shown in Fig. 5 are for compara-
tive purposes only. They were not used in the subsequent
calculations of the root cohesion contribution from conifer-
ous species. Rather, we used the root tensile strength func-
tion (eq. [14]) reported in Burroughs and Thomas (1977)
for all coniferous roots because (i) the roots tested were of
larger diameter, and (i/) a decay function was estimated.
Higher root-thread tensile forces result from using eq. [14]
instead of the functions reported in Fig. 5. Root cohesion
estimates for all hardwood and understory species are cal-
culated from the equations of tensile force at failure repre-
sented in Fig. 5.

Tensile root strength reported here concurs with other
studies specific to the Oregon Coast Range. For example,
Commandeur and Pyles (1991) report that Douglas-fir roots
have an average tensile strength of 17 MPa (tensile load di-
vided by cross-sectional area for a 3 mm diameter root). In
comparison, our strength curve produces a tensile strength of
15.3 MPa for a 3 mm diameter thread. Estimated by labora-
tory experiments, the data of Commandeur and Pyles, how-
ever, indicate that larger diameter roots are stronger than our
data indicate. In addition, Burroughs (1985) reports the root
cohesion representative of an entire sword fern plant aver-
ages 1.7 kPa, whereas the cohesion is 2 kPa using our mea-
sured average density of sword fern roots (650 1 mm
threads/m”) and an average plant radius of 0.5 m.

Rooting depth

As root attribute inventories were divided into polygons
along a landslide scarp or pit walls, the characteristic rooting
depths and colluvium depths reported in Table 2 are median
values of all polygons at a site. Although the majority of
colluvium depths in landslide-prone areas range from 0.5 to
1.5 m, median rooting depths appear to be constrained to the
upper 0.5 m of regolith (Fig. 6; Table 2). Root depth repre-
sentative of a site in Fig. 6 was determined by calculating
the median of all roots both live and decaying. Similarly,
roots of deciduous trees in the eastern United States typi-
cally extend to depths up to 0.5 m (Stout 1956;
Kochenderfer 1973; Riestenberg 1987). The fact that most
roots are located within the upper 0.5 m of colluvium high-
lights the lack of tap roots or deeply penetrating roots in the
Oregon Coast Range and reinforces the need to incorporate
the lateral reinforcement arising from roots in slope stability
analyses. The sites with the median rooting depths >0.5 m
are not located in mature forests, but rather in clearcuts
dominated by thimbleberry (Rubus parviflorus), vine maple,
and Oregon maple. Maximum colluvium thickness in the re-
gion typically ranges from <0.5 m on topographic noses to
<3 m in hollows (Pierson 1977; Dietrich and Dunne 1978;
Montgomery et al. 1997; Schmidt 1999).
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Fig. 7. Root area ratios (A,/A,) and percentage of dead roots for different vegetation communities. (A) Semilogarithmic plot reveals the
density of roots, both live and decaying, is similar between most communities, with all communities expressing values >107>. (B) Root
area ratios of only live roots are greatly reduced, indicating a significant fraction of decaying roots in clear-cut and industrial forest
sites. (C) Percentage of dead roots [(root area ratio of dead roots)/(total root area ratio) x 100] for different vegetation communities.
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Root area ratio and vegetation community

The root area ratio (A,/A, in eqs. [3] and [5]) provides a
measure of root density within the colluvium. An exami-
nation of all the roots, both live and decaying, reveals that
the different land-use types, and associated vegetation
communities, share common values of A /A, ranging from
10 to 1072 (Fig. 7A). That is, considering all roots re-
gardless of condition, sites within clearcuts and industrial
forests have maximum root densities similar to those of
natural forests. This range of root area ratios is consistent
with values determined in other regions (Riestenberg
1994; Wu 1995). In contrast, if only the proportion of live
roots is considered, the values of A./A, for clear-cut and
industrial forests markedly drop below 1073 (Fig. 7B).
Values of A /A, for natural forests, however, remain largely
above 1073, Laboratory experiments by Shewbridge and Si-
tar (1990) on the reinforcement properties and shear zone
width (Fig. 2) indicate that the shear zone markedly in-

creases where reinforcement densities (A,/A,) exceed 1072,
Furthermore, Shewbridge and Sitar conclude that the
strength of densely reinforced soil is not linearly related
to reinforcement concentration.

The significant reduction in values of A /A, for live
roots in the clear-cut landslide category indicates a large
fraction of decaying roots. Fittingly, the largest percent-
age of decaying roots (up to 95%) are present in the cate-
gories of the herbicided clear-cut pit, clear-cut landslide,
and industrial forest landslide categories (Fig. 7C). As the
vast majority of decaying roots in herbicided clear-cut pits
and clear-cut landslides are directly linked to nearby
stumps, anthropogenic influences can serve to actively de-
crease the density of live root biomass. In contrast, the
cross-sectional area of dead roots in natural forest pits and
blowdown sites is limited to less than a third of the total
area occupied by all roots, whereas the natural forest land-
slide is composed of about 55% dead roots.
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Fig. 8. Lateral root cohesion values for different vegetation communities (each point represents one row in Table 2). (A) Semilogarithmic
plot of lateral root cohesion depicts the distribution of all 41 sites ranges over three orders of magnitude. (B) Box plot showing median
and quartiles for clearcuts, industrial forests, and natural forest sites.
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Root cohesion and vegetation community

Figure 8 depicts the lateral root cohesion determined from
up to thousands of roots per site (Table 2) in different vege-
tation communities growing under variable conditions. All
values reported were calculated using eq. [5] along the lat-
eral boundaries of a landslide or pit. Significant basal root

cohesion >0.05 kPa in landslide scars was only observed at
three sites. Basal cohesion measured within landslides
ranged from 0.07 to 3.8 kPa, values equivalent to a small
fraction of the lateral cohesion. Clear differences in lateral
root cohesion emerge between the 10 categories in Table 2
and Fig. 8A. For instance, lateral root cohesion of herbicided
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Table 4. Select published values of root cohesion for different species of vegetation obtained by measuring root diameters and

strength, direct shear tests in forest soils, and back-calculation.

Root cohesion

(kPa) Vegetation type Location Source

Measurement of root diameter and thread strength

3.5-7.0* Sphagnum moss Alaska Wu 1984a

5.6-12.6* Hemlock, sitka spruce, yellow cedar Alaska Wu 1984h

5.7 Sugar maple Ohio Riestenberg and Sovonick-Dunford 1983
6.2-7.0* Sugar maple Ohio Riestenberg and Sovonick-Dunford 1983
D.9% Alaska cedar, hemlock, spruce Alaska Wu et al. 1979

7.5-17.5% Douglas-fir Oregon Burroughs and Thomas 1977

In situ direct shear test

1.0-5.0 Japanese cedar Japan Abe and Iwamoto 1986

2.0-12.0 Alder nursery Japan Endo and Tsuruta 1969

3.0-21.0% Lodgepole pine California Ziemer 1981

3.7-6.4 54-month-old yellow pine Laboratory Waldron et al. 1983

~5t 52-month-old yellow pine Laboratory Waldron and Dakessian 1981

6.6 Beech New Zealand O’Loughlin and Ziemer 1982
Back-calculation

1.6-2.17 Grasses, sedges, shrubs, sword fern

2.6-3.07 Red alder, hemlock, Douglas-fir, cedar Washington State Buchanan and Savigny 1990

2.02° Blueberry, devil’s club

2.8-6.2° Ponderosa pine, Douglas-fir,
Engelmann spruce
3.44.4" Hemlock, spruce

Alaska Sidle and Swanston 1982
Idaho Gray and Megahan 1981
Alaska Swanston 1970

*Root cohesion representing lateral reinforcement.
'Root cohesion representing basal reinforcement.

slopes in recent clearcuts is well below 3 kPa, over an order
of magnitude lower than values for natural forests which can
exceed 100 kPa. The disturbance of understory vegetation
during clear-cutting and subsequent application of herbicide
appear to suppress available root cohesion. Although signifi-
cant overlap in lateral root cohesion exists between sites in
clearcuts and industrial forests, the median of natural forest
sites is distinctly separated from clear-cut and industrial for-
est sites (Fig. 8B). In Fig. 8B each box encloses 50% of the
data, with the median value of the variable displayed as a
horizontal line, and the top (upper quartile, UQ) and bottom
of the box (lower quartile, LQ) mark the interquartile dis-
tance (IQD) of the variable population. The vertical lines ex-
tending from the top and bottom of the box mark the
minimum and maximum values within the data set that fall
within an acceptable range (greater than UQ + 1.5 x IQD or
less than LQ - 1.5 x IQD). Values outside of the acceptable
range are plotted as open circles. Lateral root cohesion
within natural and industrial forests differs substantiaily,
with median values separated by up to an order of magni-
tude and little overlap between the populations (Fig. 8B; Ta-
ble 2). The representative lateral root cohesion for
blowdown-induced landslides in natural forests (median
25.6 kPa) is relatively lower than values for the natural for-
est pits; blowdown-induced landslides may preferentially oc-
cur in areas of lower than average lateral root cohesion. As
the blowdown sites are located on the low end of the lateral
root cohesion distribution of natural forests, it may be that
the trees are weak or distressed and hence may selectively
fall over during high winds.

Variation between lateral root cohesion populations in dif-
ferent land-use categories was defined using a variety of sta-
tistical techniques. Multiple comparisons using the Student ¢
test revealed that mean values for each land-use type are
statistically distinct (confidence level o = 0.05); the indus-
trial forest and clear-cut sites are more closely related
than the natural forest sites are to either the clear-cut or
industrial forest sites. As the lateral root cohesion data are
not normally distributed, the nonparametric two-sample
Kolmogorov—Smirnov test is applied to examine the null hy-
pothesis that the two distributions are the same under the as-
sumption that the two distributions are independent of each
other (e.g., Press et al. 1992). Although the populations are
small, the Kolmogorov—Smirnov test rejects the null
hypothesis that the natural and industrial forest sites are
drawn from the same root cohesion distribution (o = 0.05).
Thus the lateral root cohesion values for the natural and in-
dustrial forest sites come from distributions that have
different cumulative distribution functions. In addition, the
Kolmogorov—Smirnov test cannot reject the null hypothesis,
indicating that the clear-cut and industrial forests could be
part of the same distribution. Although lateral root cohesion
in the natural forest sites is statistically distinct, the clear-cut
and industrial forest sites are statistically similar.

Lateral root cohesion values reported here are similar to
published values, except for those from the natural forest
sites which are considerably higher (median 94.3 kPa) (Ta-
bles 2, 4). Burroughs and Thomas (1977) document a range
of lateral root cohesion between 7.5 and 17.5 kPa, limited to
roots less than 10 mm in diameter. Lateral root cohesion val-
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Fig. 9. Box plots showing median and quartiles of broken and unbroken live roots within landslide scarps of clearcuts, industrial for-
ests, and natural forests. Maximum outliers are 62 mm for clear-cut landslide unbroken roots, 61 mm for industrial forest (ESF) broken
roots, 37 mm for industrial forest (ESF) unbroken roots, 53 mm for industrial forest (Mapleton) broken roots, 125 mm for natural for-
est blowdown broken roots, 110 mm for natural forest blowdown unbroken roots, and 87 mm for natural forest landslide broken roots.
The median, upper quartile, and lower quartile diameters for the industrial forest (ESF) broken roots are all 1 mm.
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Fig. 10. Lateral root cohesion of individual polygons along the
perimeter of landslide source volumes. General age (in years) of
vegetation is shown in parentheses after category title. Maximum
outliers exceed 100 kPa for both natural forest blowdown and in-
ferred natural forest sites.
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ues from Burroughs and Thomas may be lower than the ac-
tual root cohesion provided by all vegetation because they
limited their investigation to roots <10 mm in diameter and
they neglected the roots of hardwood and understory vegeta-
tion. Nevertheless, their lateral root cohesion values remain
higher than our median root cohesion representative of in-
dustrial forests.

Lateral root cohesion in old-growth, natural forests pits
may overestimate reinforcement because we assume the
breaking strength, 7. is less than the pull-out resistance, F,
of the soil-root bond. Although measurements in scarps in-
clude only those roots broken by the landslide, root cohesion
estimates in pits include all roots intersecting the plane of
the pit wall. For large-diameter roots, though, the thread
strength may exceed the resistance of the soil-root bond
(Stolzy and Barley 1968; Waldron and Dakessian 1981), al-
lowing the intact root to pull through the soil matrix and pre-
cluding the mobilization of the full root strength in the event
of a landslide. For comparative purposes, if we assume
thread strengths of roots >10 mm in diameter (the range of
root diameters examined in Burroughs and Thomas 1977)
exceed the soil-root resistance. we limit the contribution of
root cohesion to the smaller size fraction of roots where F
is more likely to exceed T;. Limiting the contribution of root
cohesion to the size class of roots <10 mm in diameter de-
creases root cohesion in the undisturbed forest pits from
151.9 to 21.1 kPa, from 94.3 to 27.0 kPa, and from 50.8 to
23.7 kPa. Even with the imposed diameter bound, values for
natural forests (median 23.7 kPa) remain higher than those
reported in Burroughs and Thomas (1977) and all of the in-
dustrial forest landslide sites. In addition, by excluding the
influence of roots >10 mm in diameter, we underestimate re-
inforcement because when larger diameter roots slip through
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Fig. 11. Variation in measured landslide source volumes with land-use type and general vegetation age revealing greater volumes for
clear-cut landslides. Spatially uniform, lower root cohesion values (Fig. 10) may allow for larger landslides in clearcuts.
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the soil they still contribute a reinforcing increment  dence to the assertion that larger diameter roots tend to slip

(Waldron and Dakessian 1981). We infer that complex load
transfers may occur such that the last resistance to move-
ment is the displacement between soil and large-diameter
roots. During landslide initiation, larger diameter roots may
share the imposed load with the smaller diameter roots until
the smaller diameter roots break, at which time soil may slip
along the large-diameter roots. This does not preclude equiv-
alent tensile forces applied to roots of large diameter and a
contribution to the total lateral root cohesion.

Root diameter and soil-root bond

To estimate the influence of the soil-root bond relative to
the root-thread strength, we noted the diameters of broken
and unbroken live roots in landslide scarps. In the following
analysis dead roots were not included because they are rela-
tively weak for their diameter. Figure 9 reveals that the live,
unbroken roots generally have greater diameters than broken
roots for landslide scarps in all land-use types. The largest
range in root diameter, for both broken and unbroken roots,
was found at the blowdown sites. Although broken roots
vary greatly in their diameter (numerous outliers in Fig. 9;
box plot characteristics are the same as those for Fig. 8B),
the median values are consistently lower than those for the
unbroken roots. We observed large-diameter broken roots;
maximum diameters of live broken roots is 122 mm for
Douglas-fir, 87 mm for vine maple, 69 mm for western hem-
lock, and 42 mm for red alder. It is possible that these large-
diameter roots were aligned parallel to the direction of maxi-
mum tensile force, received the largest load, and broke be-
fore other smaller diameter roots. The percentage of
unbroken roots relative to the total number of roots is also
diagnostic. In landslide scarps the percentage of unbroken
roots is 2.5% in clearcuts, 1.7% in the ESF industrial forests,
14.0% in the Mapleton industrial forests, 3.9% in natural
torest blowdowns, and 20.2% in natural forests. The general
relationship that unbroken roots are consistently greater in
diameter and less numerous than broken roots lends cre-

through the soil matrix without breaking.

Lateral root cohesion variability in landslides

When examining roots within landslide scarps, we divided
landslide perimeters into polygons of similar soil depth and
a typical length of 2 m. The characteristic perimeter length
of all landslides is about 25 m. The mean perimeter length
within industrial forests was 16.9 m, whereas that in
clearcuts was 33.6 m. The range of lateral root cohesion for
each scarp polygon is shown in Fig. 10, and those values de-
picted in Fig. 8 represent spatially weighted means. Besides
varying between vegetation communities, lateral root cohe-
sion is also spatially variable over distances of only metres.
Both industrial forests and clearcuts have a dense concentra-
tion of low root cohesion values with medians <10 kPa. Nat-
ural forests exhibit widely varying maximum lateral root
cohesion, with the punctuated, local lateral cohesion maxima
corresponding to higher densities of roots provided by coni-
fers or hardwood trees. In the natural forests, for instance,
lateral cohesion adjacent to vast root networks is commonly
above 10 kPa and can locally approach 100 kPa. In contrast,
clearcuts display values uniformly less than 25 kPa, with nu-
merous measurements <1 kPa.

Lateral root cohesion and landslide volume

Field measurements of landslide dimensions were also
used to calculate landslide source volumes. Consistent with
the uniformly low values of lateral root cohesion in
clearcuts in Figs. 8 and 10 is the generally greater source
volumes of clear-cut landslides than landslides in industrial
forests (Fig. 11). That is, larger areas of low root reinforce-
ment may lead to landslides of larger dimensions. Curi-
ously, a landslide situated at a cut boundary within an
industrial forest has a volume more similar to those of
clearcuts than to those of the remainder of the industrial
forest landslides (Fig. 11). Previous research, however,
indicates that source volumes are generally smaller in
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Fig. 12. Lateral root cohesion as a function of time since forest-stand resetting disturbance (timber harvest, fire, or harvest and herbi~
cide application). Regression equations and coefficients of determination (+%) are valid for time windows expressed.
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grassland and brush (where root cohesion values are con-
sistently low) than in forests (Selby 1976; Lehre 1982;
Reneau and Dietrich 1987).

-
N

Lateral root cohesion and forest stand age
Forest stand age is often used as a proxy for evaluating
the influence of vegetation on slope stability. To investigate
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Fig. 13. Semilogarithmic plot of mean root cohesion contribution
from coniferous, hardwood, and understory vegetation for all
sites.
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the nature of this relationship we compared the spatially
weighted lateral cohesion values depicted in Fig. 8A with
time since stand disturbance. The entire time span (up to 300
years; Fig. 12A) shows a moderate relation between lateral
root cohesion of all land-use types and age. In this multiple-
century window the established coniferous forests express
high lateral root cohesion, and the minimum values uni-
formly increase with an increase in age. The intermediate
time span (up to 125 years; Fig. 12B) essentially shows no
relation between recent clearcuts and industrial forests. The
Kolmogorov—Smirnov test, discussed earlier, indicates that
the industrial forest and clear-cut sites are derived from the
same cumulative distribution function. Little difference ex-
ists between lateral cohesion representative of a decade after
timber harvesting and that representative of a century after
timber harvesting. There is, though, a solitary spike of
higher cohesion values for a forest that was likely replanted
with conifer seedlings 43 years prior to measuring root co-
hesion. Replanting conifer seedlings after harvesting, how-
ever, was not a common forestry practice a century ago. The
short time span solely representative of recent clearcuts
(from O to 12 years; Fig. 12C) again shows a modest relation
between lateral root cohesion and age. The reestablishment
of pioneer vegetation reveals that during the first 7 years af-
ter timber harvesting root cohesion is limited to values
<3 kPa. Lateral root cohesion values >10 kPa are restricted
to post-harvest, vegetation regrowth that is over 9 years in
age. It appears that almost a decade is necessary for conifer-
ous and hardwood vegetation to recover to root cohesion
values >10 kPa.

Lateral root cohesion and vegetation type

Factors influencing the magnitude of lateral root cohesion
expressed in Fig. 12 are the species of vegetation, density of
individual plants, and diameter of roots. Figure 13 associates
the mean contribution of lateral root cohesion from individ-
ual vegetation strata (i.e., conifer, hardwood, and understory)
for all sites. Natural forests are dominated by coniferous

1015

vegetation, whereas industrial forests and clearcuts express
reduced contributions from coniferous vegetation. The con-
tribution from hardwood vegetation is roughly similar for
natural and industrial forests. Clearcuts receive roughly
equal contribution from conifer, hardwood, and understory
species. The average contribution of lateral root cohesion
from the combination of hardwood and understory vegeta-
tion, though, is roughly equivalent for all land-use types: av-
erage natural forest is 2.9 kPa, average industrial forest
3.1 kPa, and average clearcut 2.0 kPa. While the component
of lateral root cohesion contributed by hardwood and
understory vegetation is limited to less than 12 kPa at all
sites, those sites with root cohesion values over 15 kPa are
dominated by coniferous vegetation (not shown in Fig. 13).
Hence, industrial forestry appears to limit the contribution
from coniferous vegetation, producing a shift toward a
greater proportion of hardwood and understory vegetation,
with the Mapleton forest characterized by a large proportion
of hardwoods and the ESF having a strong understory com-
ponent. Lateral root cohesion within clear-cut sites has an
even smaller component arising from coniferous vegetation,
with an approximately equal contribution from coniferous
and understory vegetation. Thimbleberry, possessing an ex-
tensive root network, is a primary source of root cohesion in
clear-cut sites.

Lateral root cohesion and root diameter

Figure 14 depicts the relationship between root diameter
and lateral root cohesion at all measurement sites. Natural
forests attain greater root cohesion values by having both
higher densities of small-diameter roots and greater overall
densities of maximum-diameter roots. For comparison, 1 mm
diameter roots alone generate 1-7 kPa in natural forests,
whereas roots up to 10 mm in diameter are required within
clearcuts and industrial forests to attain only 1 kPa. The pres-
ence of dead roots is evident in the low plateau (~10 kPa)
expressed by curves representing clear-cut landslides; large-
diameter, dead roots in clearcuts provide little additional re-
inforcement. The summary figure at the base of Fig. 14 rep-
resents boundaries encompassing the individual curves for
natural forests, industrial forests, and clearcuts. Notable
overlap exists between industrial forest sites and both clear-
cut and natural forests. Marginal overlap exists between
clear-cut and natural forest sites.

To highlight the influence of root diameter, we normalized
the contribution of lateral root cohesion for all sites within a
land-use type. Figure 15 shows a distinct separation of vege-
tation communities with mean root diameter and the propor-
tion of total measured cohesion. The sites represented by
herbicided clear-cut pits and clear-cut pits show the smallest
mean root diameters, and the natural forest pits and
blowdown sites show the greatest mean root diameters. Curi-
ously, a strong overlap exists between clear-cut landslides
and industrial forest landslides in the ESF, the site of the
1960s yarding-cable thinning operation. The industrial for-
ests in the Mapleton area exhibit diameters approaching
those of natural forests. The industrial, second-growth for-
ests in the ESF have lower root cohesion values, similar to
those of recent clearcuts, because they have smaller root di-
ameter distributions and a large proportion of understory and
hardwood vegetation.
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Fig. 14. Semilogarithmic plots of cumulative root cohesion and diameter distribution for different vegetation communities. The top row
represents natural forests, the middle row industrial forests, and the bottom row clearcuts. Curves for individual sites are terminated at
the maximum total root cohesion. Natural forests exhibit higher cohesion values for a suite of root diameters and higher maximum val-
ues. The solitary graph at the bottom of the figure represents boundaries of curves plotted in above graphs.
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Root decay and regrowth

A lag time from timber harvesting to a higher frequency
of landsliding is commonly associated with the decay of
roots (Rice and Krammes 1970; Burroughs and Thomas
1977; Ziemer and Swanston 1977; Ziemer 1981; O’Loughlin
and Ziemer 1982; Fahey et al. 1988; Hendrick and Pregitzer
1993; Fahey and Arthur 1994; Watson et al. 1999). The win-
dow of landslide hazard or response time of root decay and
regrowth following disturbance, however, can differ greatly

g

over a landscape depending on local growing conditions,
lateral root growth rate, plant density, and the pioneering
species of vegetation. In areas with roughly equivalent topo-
graphic and hydrologic characteristics, those sites with a
long duration of suppressed root cohesion are more prone to
landsliding during large-magnitude storms. Although the du-
ration of time since harvest is critical, the species of post-
disturbance vegetation plays a key role in determining the
magnitude of root cohesion available. In the following cal-
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Fig. 15. Proportion of total root cohesion as a function of mean root diameter for the different vegetation communities.
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culations we heuristically portray two different site-specific
responses to timber harvest. We use root cohesion measure-
ments obtained just after landsliding, inferred root cohesion
values representative of conditions prior to timber harvest,
and the proportion of understory, hardwood, and coniferous
vegetation from two sites located in close proximity to one
another to illustrate how the type of vegetation influences
the relative response of root cohesion to disturbance.

Total root cohesion after timber harvest is a function of
(i) the declining component from the decay of roots present
prior to cutting, and (ii) the increasing contribution from
roots of vegetation established after cutting. For simplicity,
we apply the Douglas-fir decay function in eq. [14] to all co-
nifers and hardwoods. By assuming that the understory com-
ponent available for decay at the time of cutting is zero, we
therefore underestimate the total strength at the time of cut-
ting. The contribution of root cohesion from the establish-
ment of post-harvest root regrowth, ¢, (in kPa), from
understory, hardwood, and coniferous vegetation can be de-
fined as an exponential function with the form

(181 oy ettt

where e is the base of the natural logarithm, and & and b« are
determined from the root cohesion at a given time since cut-
ting. Sidle (1991) suggests, however, that a sigmoid relation-
ship is more appropriate than an exponential or power
function representation for vegetation regrowth after timber
harvest because exponential functions generate unrealisti-
cally high root cohesion at large values of 7. Based on our
data set encompassing forests up to 300 years in age, a
power function seems to fit clearcuts and all land-use types
combined equally well (Fig. 12). From Figs. 12 and 13 we
infer that the combined root cohesion of understory and
hardwood vegetation attains a maximum value of about
10 kPa. Root cohesion values >10 kPa are likely a function
of the presence of coniferous vegetation.

To compare variations in post-harvest vegetation, we se-
lected two sites in the field area west of Roseburg located on

the same topographic headwall. Both sites have roughly
equivalent topographic controls and were clear-cut har-
vested at the same time. Although topographically similar
and harvested synchronously, the two sites express distinct
vegetation regrowth patterns. To illustrate the variability in
regrowth at neighboring sites the regrowth curves (based on
the first decade of vegetation reinstatement) are extrapolated
past the time of the shallow landslide. Regrowth at one site
is dictated solely by the incursion of understory vegetation
with little establishment of coniferous vegetation (Fig. 16A),
whereas at the companion site understory regrowth is com-
plimented by abundant conifers and hardwoods (Fig. 16B).
Root cohesion values at # = 0 are inferences of prelogging
values based on diameters of observed decaying hard-
wood and conifer roots emanating from stumps adjacent
to the slide scar. The root cohesion values at the time of
landsliding are based on the measured components of decay-
ing prelogging roots and the reestablishment of new vegeta-
tion. The timing of landsliding suggests that failure occurred
shortly after the minimum value in root cohesion. Roots as-
sociated with stumps examined immediately after
landsliding revealed an advanced state of decay. The inflec-
tion points expressed by the regrowth and total curves corre-
spond to the projected time at which the understory
vegetation attains the ceiling of 10 kPa inferred from
Fig. 13. Root cohesion values after the time of landsliding
are strictly theoretical projections based on the amount
and species of vegetation present at the time cohesion was
measured. The two cases reveal stark differences in the re-
establishment of the same age second-growth forest. The
site dominated by understory vegetation (Fig. 16A) is lim-
ited to root cohesion values <15 kPa for at least 18 years,
whereas the site with abundant hardwood and conifer veg-
etation regenerates root cohesion to pre-cutting levels
within 16 years (Fig. 16B). Thus simply inferring relative
root reinforcement from a simple age designation for a
given stand of vegetation may belie a more complex rela-
tionship between root reinforcement and time since distur-
bance.
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Fig. 16. Regrowth and decay contributions of total lateral root
cohesion for two sites that were clear-cut logged in 1986 and
yielded landslides in 1996.
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Slope stability modeling

Using site-specific field measurements of ¢, A;, z, 6, and
A/b at landslide sources, we solve eq. [13] for the local
hydrologic conditions, (¢/T)., under varying vegetation com-
munities (Fig. 17). All landslide sites are modeled with the
following attributes: ¢’ = 40°, ¢, as the site-specific value in
Fig. 8A and Table 2, ¢/ = ¢y = ¢y, = 0, p,, = 1000 kg/m?,
p, = 1600 kg/m?, and g = 9.81 m/s’. As our field observa-
tions document negligible basal root cohesion arising from
roots within landslides (cy, = 0), the term c A, is neglected.
By adopting a high value of internal friction characteristic of
low confining pressures at the ground surface, we reduce the
number of sites predicted to be unstable even under dry con-
ditions [tan 6 > tand’ + (A, + ¢, Ap)/(A,p. gz cos>0)] because
all the landslides studied occurred during heavy rain. Al-
though p, varies as a function of depth below the ground sur-
face, we use a single value of p, = 1600 kg/m? to represent
the saturated bulk density. As the expanded one-dimensional
slope stability approximations dictate the inclusion of land-
slide dimensions, only landslide scarps are included. All the
sites representing hand-dug pits are excluded because they
do not accurately represent typical landslide dimensions; the
value of A, is set by the pit wall dimension, and Ay is unde-
fined.

Can. Geotech. J. Vol. 38, 2001

Based on site-specific attributes of hydrologic conditions,
Fig. 17 displays the relative influence of both lateral root co-
hesion and topographic attributes on the hydrologic re-
sponse. Landsliding at clear-cut sites requires higher values
of —log(g/T) than industrial forest or natural forests. Al-
though some overlap exists, a threshold value of —log(g/T) =
3.6 separates landslides within clearcuts from all but one of
the industrial forest landslides. Under the conditions ob-
served, three of the clear-cut landslide sites with low root
cohesion were predicted to be unconditionally unstable even
under dry conditions. Assuming that the transmissivity is in-
variant for heuristic argument, low values of —log(¢/T) corre-
spond to high steady-state equivalent rainfall necessary to
cause landsliding, and high values of —log(¢/T) correspond
to low critical steady-state equivalent rainfall. Clear-cut sites
are both unconditionally unstable (predicted to be unstable
without rainfall) and susceptible to landsliding under lower
apparent rainfall intensities. The occurrence of landslides
from clearcuts during frequent, low-rainfall storms is consis-
tent with field observations by Montgomery et al. (2000).
Alternatively, landslides representative of natural forests
possess lower values of —log(g/T) and hence require higher
apparent rainfall intensities to initiate landsliding. The lower
—log(g/T) bound to the industrial forest landslides occurs at a
value of about 2.5.

Viewed slightly differently, the proportion of the saturated
regolith required to cause instability in different vegetation
communities can be examined with respect to local root co-
hesion. Equation [10] expresses a positive relationship be-
tween M, and ¢; which is modified by the site-specific values
of A, Ay, 6, and z. Assuming slope-parallel groundwater
flow, Fig. 18 shows that almost all the clear-cut sites require
less than half of the regolith to be saturated to trigger
landsliding. Three of the clear-cut landslide sites with low
root cohesion were predicted to be unconditionally unstable
even under dry conditions. In contrast, values of M_ range
from 0.004 to 2.8 for industrial forests and from 1.25 to 16.4
for natural forests. Thus all clear-cut and most industrial for-
est landslides could initiate under low values of M., whereas
sites in natural forests require high values of M, to trigger
landsliding. Hence areas with high cohesion values may re-
quire locally concentrated exfiltrating flow from the underly-
ing bedrock into the colluvium or nonslope-parallel flow
within the colluvium to trigger landsliding. Considering the
limitations of the model assumptions, the values of M, are
intended only to elucidate the relative hydrologic response
necessary to induce landsliding, and not to represent actual
values.

Discussion

In the Oregon Coast Range, lateral root reinforcement of
soil greatly exceeds basal reinforcement. Calculation of
slope stability using simple infinite slope approximations,
though, neglects substantial reinforcement from roots that
are oriented slope-parallel. Unfortunately, there are few pub-
lished values of lateral root cohesion because the majority of
published reports using in situ direct shear tests and back-
calculation techniques assume all roots anchor the basal sur-
face of a landslide into the underlying bedrock. See Table 4
for comparison of the lateral root cohesion values reported
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Fig. 17. Semilogarithmic plot of lateral root cohesion and back-calculated hydrologic properties, —log(g/T). Vertical lines from left to
right represent —log(q/T) = 2.5, —log(q/T) = 3.6, and the limit of unconditionally unstable conditions.
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here (Table 2; Fig. 8) with both basal and lateral root cohe-
sion values reported previously for similar vegetation assem-
blages.

Our field data demonstrate that lateral root cohesion
within a given vegetation community and root cohesion vari-
ability between different land-use types exceed the variabil-
ity within a given land-use type. For instance, median root
cohesion is lower for clearcuts and herbicided clearcuts than
for natural forests (Table 2: Fig. 8). In addition, the spatial
variability of maximum root cohesion values along landslide
perimeters within clearcuts is a great deal less than that
within natural and industrial forests (Fig. 10). Thus, if shal-
low landslides occur at gaps in the root network, clearcuts
and industrial forests have a greater landslide susceptibility
because they possess wider gaps and lower overall root co-
hesion. Furthermore, if landslides in clearcuts tend to have
larger initial source volumes (Fig. 11), they may trigger long
run-out debris flows. This association highlights the impor-
tance of well-established understory and hardwood vegeta-
tion in industrial forests to provide a spatially continuous
root mat. Understory vegetation in recent clearcuts (<I1
years old) attain maximum root cohesion values of about
10 kPa (Figs. 8, 12; Table 2), a value that may greatly in-
crease stability. Field observations of reduced root cohesion
following herbicide application, in conjunction with model-
ing results by Sidle (1992) indicating that the suppression of
understory vegetation drastically reduces slope stability,
demonstrate a high likelihood of lower values of root cohe-
sion persisting for longer periods of time following herbicide
application after logging.

Certain industrial forests exhibit root area ratios (Fig. 7),
lateral root cohesion (Table 2; Fig. 8), species associations
(Fig. 13), and root diameter distributions (Figs. 14, 15)
which more closely resemble clearcuts than natural forests.
The disturbance legacy within industrial forests arises from
previous clearcuts and selective timber harvesting, fires set

b3 inferred natural forest
\ 4 natural forest landslide- Mapleton
D natural forest blow down
LH industrial forest landslide- Mapleton
v industrial forest landslide- ESF
7 | industrial forest cut
boundary landslide
v clear cut landslide

intentionally to flush game and clear vegetation, and the in-
troduction of non-native vegetation, insects, and diseases.
The overlap in root cohesion values between industrial for-
ests and clearcuts (Fig. 8) may indicate that landslides initi-
ate from industrial forests at a higher rate because they
possess a vegetative cover characterized by relatively low
root cohesion or large gaps at potential landslide source lo-
cations.

Role of legacy

Reduced values of lateral root cohesion may persist for at
least a century. Root cohesion of 10-year-old forests is pos-
sibly similar to values from 100-year-old forests (Fig. 12)
because forestry practices a century prior did not replant co-
nifer seedlings following timber harvest. Therefore much of
the root cohesion in 100-year-old forests originates from
hardwood and understory vegetation. Although roots of
hardwood and understory vegetation have root strengths sim-
ilar to that of coniferous vegetation (Fig. 5), they typically
have smaller maximum diameters (Figs. 14, 15). Even
though 100-year-old forests could be considered as being es-
tablished, there appears to be a significant difference be-
tween root cohesion values representative of the background
condition in a natural forest and the anthropogenically influ-
enced value of root cohesion in industrial forests. Some ar-
eas in the ESF that were cut around the year 1900, for
example, presently maintain a monoculture of red alder of
moderate diameters. Based on the species of stumps, this re-
places a mixed conifer forest of Douglas-fir and red cedar
with large diameters (Table 3). More recently, damage from
yarding-cables and the removal of trees during thinning op-
erations persists for at least 30 years. A study by Zavitkovski
and Stevens (1972) in the Oregon Coast Range documents
that the dry weight of red alder roots decreases for trees >60
years old. Hence, landslide susceptibility may increase in
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Fig. 18. Logarithm—logarithm plot showing a rough positive correlation between lateral root cohesion and critical wetness, M, neces-
sary to initiate landsliding. The bold, broken line represents the complete saturation of colluvium.
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areas such as the ESF dominated by a large proportion of
>60-year-old red alder trees with decreased root area ratios.

Land management implications

To assess shallow landslide susceptibility in forested
hillslopes with different land-use histories, the spatial vari-
ability of root cohesion in addition to vegetation age should
be appraised. The relative productivity of a forest, and hence
the underlying root cohesion governing landslide susceptibil-
ity, is not simply a function of time since harvesting. Al-
though Fig. 12 reveals a general relationship between root
cohesion and time since stand-resetting disturbance, labeling
forest stands simply by the age of the oldest living tree ob-
scures the local history of the land while contributing only
partial insight into the extent of root reinforcement regulat-
ing local landslide susceptibility. In the context of slope sta-
bility, stand age classifications should be augmented with
insight into the magnitude of local variability within the
stand condition. That is, uniform characterizations of root
cohesion representative of generalized age of vegetation may
be less informative than determining the local, site-specific
species assemblages and density.

The window of landslide hazard is a function of the mag-
nitude of the hydrologic response and the decay time to a
root cohesion low enough to allow for landsliding and the
time spent below the critical value (Ziemer and Swanston
1977, Ziemer 1981). In areas of equivalent material strength
and topographic and hydrologic settings, the temporal win-
dow of high landslide hazard is shorter where vegetation be-
comes quickly established. The planting of conifer seedlings
immediately post-cutting should act to narrow the window.
As a gauge of the duration of this window, previous research
reports it may take 15 to more than 25 years for a regenerat-
ing clear-cut lodgepole pine forest in California to restore
50% of its original root strength (Ziemer 1981). In New Zea-

100

complete saturation

land, Watson et al. (1999) demonstrate how plant species ex-
hibiting specific rooting habits can be used to control ero-
sion. Watson et al. discuss how information on live root
strength, decay rates, and root growth habits of radiata pine
(Pinus radiata) and kanuka (Kunzea ericoides) can be used
to narrow the window of landslide hazard. Kanuka root
threads express the unique quality that they temporarily in-
crease in tensile strength after timber harvest and express
slower rates of subsequent root decay. The kanuka roots pro-
vide cohesion during the critical period when new roots are
becoming established. As revealed in Fig. 16, the window of
landslide hazard marked by low root cohesion values can be
tied strongly to site-specific conditions and species distribu-
tions. The window of landslide hazard may be greater for in-
dustrial forests where initial root cohesion values are lower
and the subsequent exponential decline of root cohesion to
critical values occurs over a shorter time period. In addition,
the interval between present commercial harvest cycles may
be shorter than the time necessary for root cohesion to re-
cover to background levels characteristic of natural forests.

In the context of slope stability modeling, the implications
of high spatial and temporal variability in root cohesion val-
ues are tremendous. Typical regional landslide hazard analy-
ses either impose a given, uniform value of cohesion across
the landscape or bracket high and low values of cohesion.
Bracketing cohesion values furnishes the best- and worst-
case scenarios but cannot reliably locate specific regions
producing landslides in a given storm. Root cohesion data of
the type presented here can help to identify specific land-
slide hazards, but field measurements are time consuming
and thus aid little in regional-scale predictions. When com-
paring predictions of regional slope stability to mapped
landslides resulting from a given storm, site-specific varia-
tions of not only root reinforcement but also variations in
soil depth, material properties, and hydrologic routing gov-
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ern why certain areas of high predicted hazard produce land-
slides while other areas of high predicted hazard do not.

Conclusions

Detailed measurements at many landslides that occurred
during the 1996 storms in the Oregon Coast Range indicate
that measurements of root reinforcement must be compiled
at the landslide scale because the vegetation and root cohe-
ston vary at that scale. This variation in root cohesion be-
tween different vegetation communities is significant but
quantifiable. We measured root area ratio, thread diameter,
species of vegetation, and proportion of live roots as the sa-
lient vegetation characteristics controlling root cohesion in
the Oregon Coast Range. Although root area ratios of both
live and decaying roots are similar for all the vegetation
communities, root area ratios representative of live roots are
greatly reduced in clearcuts and industrial forests. We find
that median lateral root cohesion of unharvested old-growth
forests (25.6-94.3 kPa) exceeds that of industrial forests
(6.8-23.2 kPa) up to 123 years old. In some industrial for-
ests, the dominance of hardwood and understory vegetation
arises from the legacy of prior forest practices, reducing root
cohesion at potential landslide-initiation sites. This sup-
pressed root cohesion within industrial forests likely reflects
the local history or disturbance legacy arising from fire,
commercial thinning, or partial conversion of conifer to
hardwood forest. In some localities, root cohesion recovery
may be arrested by dense understory and hardwood vegeta-
tion that creates zones of reduced root strength which may
last for at least a century. Median lateral root cohesion in
clearcuts <I1 years old has even lower values of 1.5-
6.7 kPa, consistent with calculations that indicate the con-
version of old-growth, unharvested forests to industrial for-
ests should trigger significant increases in the rates of
landsliding. Even though <I1-year-old clearcuts have root
cohesion values ranging up to 10 kPa, simulations that cou-
ple the idealized hydrologic routing and the expanded one-
dimensional slope stability models indicate that clearcuts are
more susceptible to landsliding than either industrial or natu-
ral forests. Data on some herbicided clear-cut sites indicate
that the practice of herbiciding further decreases root cohe-
sion, acting to extend the window of landslide hazard.

The conversion of old-growth, unharvested forests to in-
dustrial forests may trigger significant increases in the rates
of landsliding, although significant spatial variability should
be expected because landslide susceptibility is extremely site
dependent. We conclude that a refined classification of vege-
tation is necessary to augment stand age designations to es-
tablish the intricate association between landsliding and
vegetation. In addition to the variability in hydrologic re-
sponse, we speculate that some of the apparent stochastic
nature of landslide occurrence during individual storms may
reflect quantifiable variations in root strength at the scale of
individual landslide sites. Future research surrounding these
issues could utilize data on the density of timber per given
area or remote-sensing information, such as mapping canopy
structure using laser altimetry, to characterize the amount of
root cohesion and its spatial variability in a geographic in-
formation system. Such an approach could be used to better
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assess risks posed by timber harvest plans in landslide-prone
landscapes.
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