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ABSTRACT  Accelerated erosion in the formof |andslides
can be an undesirabl e consequence of clearcut |ogging on
steep sl opes. Forest managers need a nethod of predicting
the risk of such erosion. Data collected after logging in
a granitic area of northwestern California were used to
devel op a predictive equation. A linear discrinnant
function was devel oped that correctly classified al nost
90% of the data. The equati on was based on neasurenents
of slope, crown cover, tributary drainage area, and

di stance froma stream A procedure was then devel oped by
whi ch the discrimnant function can be used to deternine
the opti mum strategy for managi ng | andsl i de-susceptible
terrain.

INTRODUCTION

Landslides are a critical problemfor forest managers in areas having
steep slopes, unstable soils, and high rainfall. In parts of the
western United States, many forested sl opes that were harvested by
the clearcutting method have since failed (Gonsior & Gardner, 1971;
Swanson & Dyrness, 1975; Swanston, 1970; Bishop & Stevens, 1964).
Landsl i de prediction has been acconplished in chaparral areas of
sout hern California. Physiographic and vegetative variables were
subj ectively evaluated fromsnmall-scal e aerial photos by Kojan et al.
(1972). They successfully predicted | andslide placenent for 84.4% of
the study area (Santa Ynez-San Rafael nobuntains near Santa
Barbara, California). Simlar accuracy was achieved in the San
Gabriel mountains using their procedures (Foggin & Rice, 1979). In
two other studies, linear discrimnant functions (Fisher, 1936) were
used to distinguish between sites which did and did not slip (Rice
et al., 1969; Rice & Foggin, 1971).
Thi s paper reports a study in northwestern California that
devel oped a nethod for predicting the risk of |landslides after
clearcutting on granitic terrain.

STUDY AREA

The study area is in the southeast part of the English Peak Batholith,
303
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in the drainage basin of the Little North Fork, Salnmon River. Most
of the slopes are covered by residual and transported soil derived
fromcoarse crystalline granitic rock. The bedrock ranges from
unweat hered to conpletely weathered. Altitude ranges from 700 to
1000 m The sl opes of 60-80% are comonly 100 mor nore in length
Mean annual precipitation ranges from 1000 to 1200 mm w th 90% of
the precipitation occurring between Cctober and March, primarily as
rain. The average merchantable tinmber volume is 292 n? ha'.

El even patches on granitic soils in the basin were clearcut
bet ween 1967 and 1970. During winter 1972, two stornms having return
peri ods of about 20-25 years caused severe landsliding (Fig.l). In

FIG.1 Landslides occurred in blocks logged by
clearcutting in the Little North Fork drainage of the
Salmon River, California, during winter 1972.

January, a three-day stormyielded 235 nm of precipitation; a second
stormin March produced 155 mm of precipitation in tw days. The
stornms triggered 102 debris aval anches in 122 ha of clearcut patches
The aval anches eroded 32 344 n? of soil and scarred 3.31 ha.
I ndi vidual slides ranged in size from16.3 to 634.8 nf and eroded
between 8.3 and 580.7 n? of soil

W limted the analysis to the granitic rock type, since virtually
all the danmge occurred on that type. A 62 ha area chosen for
intensive investigation was sel ected because it was readily
accessi ble, landslides were prevalent, and it contained a
representative sanple of site. variables presumed to be critical
Parent material in the study area only spanned a portion of the range
of weathering classes (Durgin, 1977), ranging frompartially
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weat hered nmaterial with residual unweathered core stones or bl ocks
to conpletely weathered granitoid (grus). No slides were observed

in areas underlain by nore conpletely weathered material. All

slides included in this study were on hillslopes and were unaffected
by roads or streanbank cutting.

METHODS

Study sites were classified as unstable (landslide sites) or stable
(non-landslide sites). A grid of 66 points (spaced 61 mx 61 m was
used to characterize the stable sites. The grid was | ocated
randomy, but with the restriction that no point fell on a slide
Unst abl e areas were characterized by the conditions at the 68 slides
in the study area. In this fashion, we could test how unstable

sites differed fromstable sites.

Landsl i de vol unes were surveyed in the field. Five physiographic
and two vegetative variables were nmeasured from aerial photographs
for use in developing the |landslide prediction equation (Table 1).
Later, two geologic variables were added in an attenpt to inprove
t he equati on.

Most vari abl es were nmeasured on 1: 6000 scal e aerial photos taken
in 1974. The slopes of slide sites were neasured on post-I|oggi ng
1971 phot ographs at a scale of 1:15 840 and the vegetative variabl es
were estimated from 1964 phot ographs at the sane scale. A
stereoconparator was used to neasure |andslide and terrain features
Phot o i mage coordi nates were not corrected by ground control because
both prior work (Sinmonette et al., 1970; Kojan et al., 1972; Rice et
al., 1969) and our own investigations concluded that uncorrected
data coul d be effectively used

DISCRIMINANT ANALYSIS

A linear discrimnant function was used to fornulate an equation to
classify sites as stable or unstable. A linear discrimnant function
projects the original sanple points onto a new line oriented to
provi de maxi num separati on between the two sanples. A successfu

di scrimnant anal ysis provides the basis for a function which can
estimate the relative stability of new (previously unneasured) sites
before clearcutting. A |large nunber of possible discrimnant
functions were conputed. The better equations were subjected to
split sanple testing (BVMDP9R, Di xon & Brown, 1979) and "j ackni fed"
classification tests (BVMDP7M Di xon & Brown, 1979).

Qur final equation was chosen because of its consistency under the
two tests and .its high overall classification accuracy of 89.6% It
successfully classified 86.4% of the stable sites and 92.6% of the
unstabl e sites. The discrimnant function chosen had a logarithmc
form

X = 13.24 - 4.63 1og(SLOPE) - 3.04 |og(DOV) - 1.03 | og( HORSTM

+ 0.69 | og( DRAREA) (1)



TABLE 1 Variables measured at stable and unstable sites in Little North Fork drainage basin, northwestern
California, USA

Variable Definition Stable sites (n = 66) Unstable sites (n = 68)

Min. Mean Max . Min. Mean Max .

PHYSIOGRAPHIC*
SLOPE (pct.) Slope angle between foot and

= O

head scarp of landslide 6.0 41.5 83.0 37.0 63.9 95.
ASPECT (deg.) Smallest angle from south to
the axis of landslide 0.0 93.8 180.0 16.0 103.7 177.
HORRID (m) Horizontal distance from slide
scarp to ridge 0.0 36.2 186.7 0.6 30.1 135.
HORSTM (m) Horizontal distance from slide
scarp to stream 0.0 47.2 304.8 0.0 39.2 167.
DRAREA (m?) Tributary area above landslide
scarp 0.0 645.3 2554 .8 3.3 209.5 2448 .
VEGETATIVE
DOM (pct.) Crown cover of dominant trees
0.405 ha circular plots 5.0 62.9 100.0 40.0 87.4 100.
UNDER (pct.) Understory on 0.405 ha
circular plots 0.0 23.3 80.0 0.0 4.5 20.
GEOLOGIC
WXAT Variables defining the degree of -1.6 0.3 1.0 -1.6 -0.3
WXBT bedrock weathering (Durgin, 1977) -7.0 0.3 1.0 -7.0 -0.3
QTX (pct.) Quartz in the parent material
(Sefert, 1974) 2.5 6.4 10.0 2.5 6.5 10.

* The grid intersection was the origin of measurement for stable sites.
T These dummy variables define the site location with respect to three weathering classes.
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in which x is the discrimnant value (canonical variable), with
positive values indicating stability. The nean discrimnant val ue
for the stable sites was 1.17. For the unstable sites it was -1.14.

The relative inportance of slope identified in this study agrees
with research reported earlier (Rice et al., 1969; Swanston, 1970).
The variabl e DOM (crown cover of dom nant trees) integrates biologic
and edaphi c characteristics of the forest ecosystem Paradoxically,
in spite of the fact that tree roots provide structural support for
soils, the density of dominant tinber was positively correlated with
instability. Apparently, this correlation was due to the follow ng
factors; firstly, the tinmber may be indexing high noisture conditions
and greater probability of high pore water pressures which m ght
promote slope failure; secondly, slopes with heavy forest cover may
be nore dependent upon the structural support of tree roots to
maintain their stability; and thirdly, they nay have been nore
dependent on transpiration to di spose of excess soil water than
slopes with lighter stands. W believe the first two reasons
probably dominated the relationship

The roles in equation (1) of two variables, nanely, horizontal
di stance to the stream (HORSTM and drai nage area (DRAREA), are a
little nore obscure. Logic would seemto indicate that proximty
to a streamwoul d be correlated with | andslide occurrence, because
of the possibility of higher pore water pressure. Simlarly, large
drai nage areas woul d be expected to be correlated with high pore
wat er pressures and, therefore, |andslide occurrence.

In our equation, the opposite condition seens to prevail. Slides
are nore likely at sites distant from streans and havi ng snal
drai nage areas. The two variables, therefore, may be identifying
steep slope facets as landslide sites. The location of the slides
visible in Fig.l is fairly typical; nost slides occurred at the tops
of snmall epheneral drainage lines. An investigation in coasta
Oregon suggests that the location of the slides in the Little North
Fork may be typical of failures after clearcutting and not a
peculiarity of our study (personal commrunication: George Bush, soi
scientist, Siuslaw National Forest). Investigators found a
preponderance of their slides concentrated in the "headwal | s" of
first order drainage basins. Equation (1) can be interpreted to nean
that the nost likely site for a debris aval anche after clearcutting
is on a steep slope facet at the upper end of a small drainage basin
whi ch supported heavy tinber before | ogging

According to Bayes' theorem the posterior probability (P) of a
slide occurring, given a particular discrimnant value (x), is
det er mi ned by:
P(x[Umry

P(slide|x) = P(x|Uny +P(x|S)ng

(2)

wher e

my Pprior probability of an unstable site as determ ned by the
proportion of the study area in slides

ns 1 - my is the prior probability of a stable site;
conput ed val ue of discrimnant function fromequation (1)

X
U the probability distribution of x's for the unstable sites in
t he devel opnental data
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S

the probability distribution of x's for the stable sites in the
devel opnent al dat a.

Di scrim nant analysis may appear to be of linmted use because the
posterior probability assigned to the average slide site is only
0.28 (Fig.2), but debris aval anches never involve a |arge proportion
of the | andscape

A better way to neasure the efficiency of the
analysis is to consider the relative inprovenent
achieved by its use

in risk evaluation
Rel ative landslide risk can be conputed by
dividing the probability of a slide estimated using the discrim nant
function by the prior probability of slide (Fig.2). Considered in
this fashion, the average slide site in the Little North Fol k study
was 10 tines nore likely to be unstable than the average terrain in
the study area and about 150 tinmes nore likely to fail than the
average of the stable sites.
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FI1G.2 Probability that landslides will follow clearcut

logging on granitic terrain as estimated using equation
equation (1) and equation (2).

Strictly speaking, the probabilities conputed by equation (2)
apply only to areas having the sane geol ogy, topography, forest
cover, logging history, and climate pattern. It is unlikely that a
forest manager will

experience an exact duplication of the
conditions at Little North Fork. Many situations,

however, may be
sufficiently simlar so that nanagers can use our experience as a
gui de.

SITE STABILITY ANALYSIS

The ability to estimate | andslide hazard, while hel pful

does not
fully resolve the | and nmanager's problem The nanager nust deci de
the relative inmportance of various correct and incorrect site
classifications. The possibilities of classification are
correctly identifying a stable site, B -
stable site as unstable, C -
as stable, and D -

A -
incorrectly identifying a
incorrectly identifying an unstable site
correctly identifying an unstable site

Once the deci sions have been reached, a "payoff" function

can be conputed which is a linear conbination of the conditions
listed:
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Y = aA + bB = cC + dD (3)

in which Y is a nunber which integrates the penalties and benefits
that are derived fromthe various correct and incorrect predictions
and a, b, ¢, d are coefficients selected to weight the inportance of
conditions A, B, C, D, which are the proportions of correct or

i ncorrect predictions.

Consi dering the correct identification of a stable site
(condition A) as having a positive value of +1, incorrectly
classifying a stable site as unstable (condition B) nmight have a
value of -1. The penalty is npdest since no environnental danmage
results and, conceivably, the error can be corrected in the next
cut. Incorrectly, calling an unstable site stable (condition C)

m ght carry a heavier penalty, say -5, since environmental damege is
likely to result. The greatest reward, +25, is associated with
correctly identifying an unstable site (condition D). This

condition permts utilization of the tinber resource w thout adverse
envi ronnent al consequences

In addition to evaluating various costs and benefits, the nanager
nmust deci de what probability level (P) will be considered to be an
unacceptably high risk of slope failure. That decision can be aided
by using the subjective weights for equation (3) and conputing the
ef fect of various probability levels which mght be used as criteria
For exanple, if the proportion of the area classified as unstable
under probability level Pis Uy and the proportion considered stable

is Sp, equation (3) would read

Y = aPsSp + b(1 - Pu)Up + c(1l - Ps)Sp + dPuUp (4)

where Ps is the proportion of Sp that is actually stable and Py is the
proportion of U that is actually unstable. Since these proportions
are unknown they nust be estimated. Using the distribution of poste-
rior probabilities (Fig.2) and the sanple of x's fromthe area under
investigation, Ps is assunmed to be the posterior probability corres-
ponding to the average of the x's in Sp and Py is sinilarly defined
As an exanpl e: Suppose that the manager is evaluating the possible
effect of clearcutting on a particularly sensitive 5 ha block and is
considering using a probability level of 0.6 as the cutoff point. By
sanpling within the proposed cutbl ock, the nmanager determnined that
4 ha woul d be classified non-hazardous and 1 ha would be classified
hazardous. Ps and Py are estimated to be 0.3 and 0.8 respectively. By
entering this information into equation (4) and using the
subj ective wei ghts we proposed, the payoff function can be conputed:

Y=(1x0.7x0.8) +#(-1x0.2x0.2) +(-5x0.3x0.8) +
(25 x 0.8 x 0.2) = 3.32 (5)

As an alternative, the nanager considers elevating the cutoff
level to 0.7. At that cutoff level, Y =1.20. As a third alter-
native, the cutoff level is decreased to 0.5. At this probability
level, Y =3.05. In a simlar nmanner, as many val ues of Y as seem
feasible could be tested until the optimumis determned. |If these
three cal cul ations were the only ones considered, the 0.6 probability
| evel would be expected to be the nost effective guide to hazard
eval uation since it yields the highest value for the payoff function
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RECOMMENDATIONS

We recomrend that forest managers use only the variables shown in
equation (1). The other variables (Table 1), including the geol ogic
vari ables, added little to the discrimnating ability of the
equation. The variables in equation (1) seemto represent the best
bal ance between econony and accuracy for prediction of site stability
in granitic terrain. Thus, in areas simlar to the Little North

Fork in climte, slope, vegetation, and soil, we suggest trying our
equation and the resultant posterior probabilities as a guide for
apprai sing landslide risk. Equation (1) should be verified in other

i gneous areas and, perhaps, in other geologic types to determne its
applicability. If the area under consideration departs appreciably
with respect to any of the inportant paraneters (such as sl ope,
parent naterial, climate, or cover type), the forest nanager may be
faced with the task of repeating our investigation in order to
devel op his own discrimnant function. In either case, a

di scrimnant analysis and the resultant probability function can be
a useful tool for the objective evaluation of the debris slide
hazard associated with tinber harvests.
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