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SYNOPSI S

Data col |l ected from 299 road segnments in northwestern California were used to develop and test a
procedure for estinmating and nanagi ng road-rel ated erosion. Site conditions and the design of each
segnent were described by 30 variables. Equations devel oped using 149 of the road segments were
tested on the other 150. The best nultiple regression equation explained only 37% of the variance
in the logarithmof road-related erosion. A discrimnant analysis correctly classified 74% of the
test data set. Road segnments it predicted to be hazardous produced 82% of the neasured erosion in
the test data set. Analysis of the variables in the discrimnant function indicates that the effect
of terrain slope nearly overwhelms the effects of all other variables in deternining the posterior
probability of instability. Discrimnate analysis also provides a nmeans by which a forest nmnager
can explore the expected effect that different strategies will have on erosion and on the resources
spent on mitigation neasures.

| NTRODUCTI ON | ose nmuch of their inportance as sources of
erosi on, however, when estimating the over-all
Forest roads hate been identified as an inpor- erosion from areas which are bei ng managed for
tant source of erosion associated with forest wood production. Wien a comrercial forest area
nmanagenment activities in the western United is conpletely under managenent, the erosion
States. Rothacher and d azebrook (1968) found conming fromroads and from harvest areas is
that "roads were, involved in 60%of all major estimated to be about equal (Swanson and
storm damage reports."” The rel ative amounts of Dyrness, 1975, MCashion and Rice, 1983,
erosion associated with forest roads and tinber Amaranthus et al, in press). Roads occupy such
harvest areas has ranged from areas occupi ed by a small proportion of the total area under
roads being nore than 133 tines nore erodible managenment (typically 4-8% that their contri-
than harvest areas (Mrrison, 1975) to as |ow bution to total erosion is balanced by the
as only 3 times nore erodible (Geswell et al, | ower erosion rate on the nuch | arger harvest
1979). ar ea.
The rel ative inmportance of road-related erosion This paper reports a study to devel op an
appears to be inversely related to the overall equation by which forest managers can estimate
susceptibility of an area to mass erosion. In the expected anmobunt of road-rel ated erosion
the Cascade Mountains of central Oregon, roads that might result froma particular standard of
produced 10.7 tinmes nore | andslides than did road on a particular site. Al though our
ti mber harvest areas on the unstable vol can- anal yses only dealt with road-related erosion,
iclastic terrane, but on the nore stable |ava- we presunmed that site conditions associated
flow terrane all |andslides were associated with a high risk of road-related erosion were
with roads (Swanson and Dyrness, 1975). In indicative of a high risk of the road being
northwestern California steeplands (steeper damaged by erosion events started off of the
than 30% and adj acent to streans), slides road.
associ ated with roads accounted for 12% of the
slide volume, but on non-steeplands, roads STUDY AREA
accounted for 85%of the slide volune (Furbish,
1981). These findings are not surprising The roads investigated in this study were in
because road cuts and fills can artificially the Coast Range and Kl amath Muntains of north-
create unstable slope configurations on sites western California. Study sites were from 10
that woul d otherw se be stable, whereas, to 60 kminland fromthe coast and extended
harvesting di sturbances are nmuch less likely to from40° to 41°30' north latitude. For
nmake such a decisive change in stability. this study, the geologic parent materials of
the area were grouped into six broad types:
Mich attention has been directed to erosion on Acid I gneous, Utramafic, Metanorphic, Soft
roads because their erosion rates per unit area Sedi nentary, Hard Sedinmentary, and the
are typically higher than those in tinber Franci scan Formation. Over half of the sites
harvest areas. Such an enphasis may be appro- were found on either hard sedinentary rocks of
priate when managers attenpt to identify the Cretaceous and Jurassic periods or on the
i mportant sources of erosion or when they allo- Franci scan Formation, which is a highly sheared
cate resources to prevent erosion. Roads may and conpl ex unit consisting mainly of nassive
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Figure 1 Frequency of

greywacke and interbedded shal es. Sl opes
average 24°, aid range fromO0° to over

45°. El evation ranges fromsea level to

1920m averagi ng 843m Annual precipitation in
the area averages 200cm rangi ng between 100cm
and 300cm Snow is a significant part of the
precipitation only for the 25% of the study
sites above 1200m el evati on.

Study sites were selected by using a stratified
sanpling design to insure that the data spanned
the ranges of inportant site variables and
their interactions. Stratified sanpling was

al so used to destroy naturally occurring assoc-
iations between inportant site variables. The
four strata were road standard, topographic

sl ope, geologic parent material, and precip-
itation intensity

Qur stratification of the data seems to have
been successful The coefficient of deter

m nation of the regression of the |ogarithm of
sl ope on the other stratification variables was
0.17. The coefficient of determ nation of the
regression of the common | ogarithmof the
25-year/ 24-hour precipitation intensity on the
other stratification variables was 0.18. The
squared canoni cal correlations (Hotelling
1936) of the road standard and geol ogic
variables with the remining variables were
0.13 and 0.28, respectively.

FI ELD METHODS

The roads we studied were constructed primarily
for use by trucks transporting |ogs. They
averaged 11.5 years ol d. Avail able running
surface averaged 5mwi de, ranging from3mto
9m About 67% of the roads were surfaced with
crushed rock, 15% were unsurfaced, and 17% were

road segnents yielding various anmounts of
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road-rel ated erosion

paved with asphalt. The average road gradi ent
was 4°, but sone short segnents were as steep
as 9°.

Each study site consisted of a 1.61-kmroad
segnent. The site conditions describing the
road were the averages of those neasured at the
ends of the road segnent and at 0.32-km
intervals along the road. Wthin the study
road segment all erosional features appearing
to have displaced nore then 15 of soi

were neasured individually. Smaller erosiona
features were estinmated by a detail ed survey of
a randomy chosen 0.32-km segnent of the road
Soi | properties for the road were based on
sanpl es taken fromthis segnent

STATI STI CAL ANALYSI S

W neasured conditions on 299 road segments. A
logarithmic transfornati on was used for the
dependent variable and all of the continuous

i ndependent variables. This transformation was
adopt ed because a plot of road-rel ated erosion
appeared to be approxi mately | og-normally
distributed (Figure 1) and because other
simlar studies in the area (Rice and Datzman,
1981, Rice and Pillsbury, 1982, Furbish and

Ri ce, 1983) had found logarithm c nodels
superior to nodels using untransfornmed data

We then random y divided the road segnents.
The first group, containing 149 segments, was
used to devel op our prediction equations. Data
fromthe second group of 150 road segments was
set aside to be used in testing the results of
our anal yses. Prelimnary screening of the
proposed 30 independent variables resulted in
the rejection of two: soil depth and degree of
fracturing because they were nearly constant



The constancy of the degree of fracturing
probably reflect true conditions, but we

bel i eve that our soil depth data are not
correct. For the statistical analyses, cate-
gorical variable, such as geol ogi c parent
material, were coded by using +1 for the
presence of each of the conditions and 0 if one
of its conpanion conditions was present. This
rai sed the nunber of statistical variables to
38.

The first screening of the 38 independent
variabl es used a stepwi se nultiple regression
program (Di xon and Jennrich, 1981). Next, the
22 variabl es showi ng the npst prom se were
anal yzed by using an all possible subsets
regression (Norick and Sharpnack, 1977). The
results were disappointing. The best regres-
sion equation, using Mallows' Cp (Daniel and
Whod, 1971) as a criterion, had a coefficient
of determination of only 0.37. Init, erosion
was a function of slope position, slope,
precipitation intensity, vegetative cover, cut
bank hei ght, and vegetation on the cut bank

( APPENDI X) .

We next turned to a linear discrimnant

anal ysis (Fisher, 1936). It seened to us that
it would be useful to identify those road
segnents nost likely to produce |arge anmounts
of erosion. W divided our data in half: one
hal f had road segments with nore erosion than

25 r'rigkn”il -- these were designated "unstable";
the other half had road segments with |ess
erosion than 25 nmkmi® -- these were

designated "stable". The results of the

di scrim nant anal ysis were encouragi ng. An

equati on based on sl ope position on sl ope,

road standard cut height and the vegetative
condition of the cut (Table I) correctly

Table Il Cassification of 1.61-kmroad segnents
by l'inear discrimnant function (Table I).

Predicted Condition Correctly
Act ual Classified
Condi tion Stabl e  Unstabl e® (%

A — Devel opnental data

St abl e? 55 20 73.3
Unst abl e° 18 56 75.7
Tot al 73 76 74.5

B — Test data

St abl e? 57 16 78.1
Unst abl e° 23 54 70. 1
Tot al 80 70 74.0

a/ Road segnents yielding | ess than 25 mkm

Tabl e | Linear discrimnant function resulting
from anal ysis of variables nmeasured on the 149
road segnents in the devel opnental data set.

Y = (the canonical variate)
0. 259 (a constant)
-0.297 (if LOW
-0.706 (if MD)
0.353 (i f UPPER)
0. 650 (if R DGE)
-0.777 (i f CUTBARE)
0.197 (i f CUTGRASS)
0.580 (i f CUTWOOD)
-0.218 (i f SEASON)
0. 485 (i f AWZND)
-0. 267 (if MAIN)
-1.168 | og( SLOPE)
-1.676 | og( CUTHT)

er osi on.

b/ Road segments yielding nore than 25 nikm
er osi on.

DI SCUSSI ON

The weak correl ati on between road-rel ated
erosion and the independent site and road
design variables in the regression may result
fromroad-rel ated erosion not being due to a
singl e process, but being the sum of several
erosional processes (Table Il11). The relation-
ship between site variables and erosion is not
constant for all processes. Differences in

sl ope, for exanple, prinmarily affect the occur-
rence of slides when the slope exceeds the

Table 11l Road-related erosion in
northwestern California.

classified 74.5% of the devel opnental data set
(Table I'l-A). Wen this equation was used to
classify the road segnents in the test data
set, the classification accuracy was 74.0%
(Table I'1-B). A chi-square test showed the
classification accuracy with the test data set
to be highly significantly different from
chance (50%.

Type of Frequency Vol une
Er osi on? kmit nikm * nha !
Slide 0.111 39.0 49.0
Sl ump 0. 142 51.3 64.5
Debris Fl ow 0. 004 3.3 4.2
Earth Fl ow 0. 006 3.8 4.8
Rock Fall 0. 004 0.5 0.6
aul 1y® 0. 009 7.6 9.6
Rills - 1.9 2.4
Sur face - 80.3 101.0
Sl oughi ng®

Tot al 0. 276 187.6 235.9
& Mass wasti ng types as defined by

Varnes (1958).
® Apout one-half the gul l'y erosion not

tallied as individual events.
® surface sloughing is al nost planar

retreat of cut and fill slopes because

of dry ravel, mnor rills, and small mass

nmovenent s.

Source: McCashion and Rice 1983



angle of internal friction of the soil.
Erosion by rills and gullies is affected by al
sl opes. Surface vegetation and litter, which
wi Il reduce surface erosion, may |lead to nass
erosion by pronoting infiltration. The effects
of other variables are, no doubt, also poorly
expressed by a regression nodel

How can a linear discrimnant function help the
forest manager reduce road-related erosion? It
is not as useful as a regression equation for
estimating erosion. Rather, it answers a

si npl er question: Wiich road segnents are
likely to produce the bulk of the erosion
caused by a road? For exanple, in the test
data set, the 70 road segnments predicted to be
unstabl e (Table I1-B) produced 82% of the tota
neasured erosion (Table 1V). Had effective

m tigating neasures been taken on these roads
their erosional inmpact might have been
substantially reduced

Table 1V Total road-rel ated erosion nmeasured

on test road segnents according to predicted

and actual condition

Act ual Predicted Condition Tot a

Condi tion St abl e? Unst abl e®

______________ o

St abl ® 239 51 290

Unst abl e” 4, 306 21,039 25, 345

Tot al 4,545 21, 090 25, 635

al Road segnents yielding |l ess than 25 nokm *
erosi on

b/ Road segnents yielding nore than 25 nokm *
erosion

The classification of a road segnent in the

test data set as acconplished by conputing its
posterior probability (Figure 2); that is, the
probability that it belonged to the unstable
group, given its set of values for the vari-
ables in the discrimnant function (Table 1)

A road was predicted to be unstable if it had a
probability greater than 0.50 of belonging to
the unstable half of the population of road
segnents. But penalties are associated with any
criterion. Sixteen of the 70 road segments
predicted to be unstable (Table Il-B) produced
al nost no erosion (Table IV). Resources spent
to reduce erosion on these road segnents woul d
be wasted. On the other hand, the 23 roads
incorrectly predicted to be stable produced 17%
of the total erosion. A forest nanager mni ght
consider this quantity to be too much erosion
The uncontrol |l ed erosion could be reduced by
lowering the criterion probability. If roads
havi ng posterior probabilities of nore than 0.3
of belonging to the unstable group were con-
sidered unstabl e and subjected to effective

m tigation neasures, erosion mght be reduced
to 3% of the amount to be expected if no
mtigation were attenpted. But, at the cost of
under t aki ng unnecessary nitigation neasures on
the 24% of the road segnents now m scl assified
as unstabl e.
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Figure 2 Probability that a road segnent wll
produce nore than 25nvkmi erosion, given the
val ue of its discrimnant function

In practice the trade-offs need not be so
severe. A manager could use the probability of
instability to identify road segnments requiring
closer scrutiny. After a technical specialist
had eval uated them many of the erroneous
classifications mght be corrected

In addition to serving as a predictive tool, a
di scrimnant function can be used inter-
pretively. Wen used in this fashion, it is
assuned that the variables in the equation are
in fact, expressing the relationships indicated
by their nanes. Wth that assunption, what
does our discrimnant function (Table I)
suggest about conditions leading to high risk
of road-rel ated erosion? The effect of slope
can be estimated by the product of its range
and its coefficient in the discrininant
function. That product is 4.73, which nearly
spans the range of val ues of the canonica
variate (Figure 2). Therefore, even if all of
the other variables in the discrimnant
function took on values associated with
stability, a steep slope could still lead to a
hi gh posterior probability of instability

Cut height is the variable having the second
greatest influence on the canonical variate
The product of its range and coefficient is
2.99. Because cut height results fromthe
interaction of road width and sl ope, the

i mportance of this variable further enphasizes
the i mportance of slope. Slope position and
vegetation on the cut slope are the next nost
i mportant variables. And because they are
categorical, their influence on the canonica
variate is estimated fromthe range in coef-
ficients for their various categories. Slope
position and cut slope vegetation each can

af fect a change of 1.36 in the canonical

vari ate.



Road standard is the |least influential
variable, affecting a change of only 0.75 in
the canonical variate. The effect that changes
in the canonical variate would be expected to
have on the posterior probability depends on
where the other variables in the discrininant
function place the canonical variate

(Figure 2). In the niddle of its range, a
change of 1.00 in the canonical variate is
associated wit a change of about 0.30 in the
posterior probability.

A discrimnant analysis can also help the
forest manager decide on the appropriate
criterion probability (Rice and Pillsbury,
1982). If relative values can be assigned to
each type of correct and incorrect classifi-
cation, the data froma proposed road alignnent
can be used to estinate the criterion that will
maxi m ze the benefits expressed by the user's
val ue system

At first glance the discrimnant function
(Table I') appears to indicate that nost of the
risk of road-related erosion is determ ned by
el ements of road design over which the road
designer has control. Only terrain slope is
beyond the designer's control. Upon closer

i nspection, however, it becones evident that
the designer's options may be nore |imted.
The position to | ower standard roads on the

sl ope may be dictated by sl ope norphol ogy and
the systembeing used to bring logs to the
road. Road standard is largely deternined by
the expected type and volune of traffic. Cut
height is an interaction between road standard
and sl ope. An the vegetation on the cut slope
is constrained by nmicroclimte and the
fertility and physical properties of the
material into which the road is cut.

Road design variables nay be correlated with
site variables (and presurmably determ ned by
them). The coefficient or determination

bet ween sl ope the only site descriptor) and
the other variables in the discrimnant
function (Table 1) was 0.67. This finding
supports our earlier conclusion (MCashion and
Rice, 1983) that the choice of a road alignnment
is crucial in determ ning subsequent erosion.

CONCLUSI ONS

Site condition -- particularly terrain slope
-- where a road is located greatly influence
subsequent road-rel ated erosion. Road design
vari abl es are constrai ned by managenent
considerations and site conditions so that the
road designer as relatively few options when
attenpting to void road-rel ated erosion.

A mul tiple regression equation was not
effective in predicting road-rel ated erosion.
Its coefficient of determination was only
0.37. W attribute the poor performance of the
regression mainly to the fact that the nodel
was necessarily sinplistic.

A linear discrimnant analysis appears to be a
prom sing statistical aid to road design. In
this study it correctly identified as hazardous
those road segnents producing 82% of the
measur ed erosion. Discrimnant analysis can be
used to display for the nanager's consideration
the proportion of unstable road segments that
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m ght be identified by using a particul ar
criterion, the expected proportion of unstable
road segnents that mght go undetected, and the
proportion of stable road segnents which night
be treated unnecessarily.
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APPENDI X Dependent and independent vari abl es
used in regression and discrininant anal yses.

DEPENDENT VARI ABLE

ROADCQOZD - Erosion presuned to have been

caused by the road (m3knil).
| NDEPENDENT VARI ABLES
Road Vari abl e

Position on sl ope

LOW - Valley bottomand [ower 1/3 of the
sl ope.
M D The nmiddle 1/3 of the slope.

UPPER - To upper 1/3 of the sl ope.

RI DGE - The ridge (Dunmmy vari abl e designated
by coding the above three variables
as -1).

Road surface materi al

LITE - Road surfaced with 5 cmor |ess of
gravel .

HEAVY - Road surfaced with nmore than 5 cm of
gravel .

PAVED - Road surface sealed with a permanent
hard naterial .

Road surface consists of existing
natural material (dunmmy variable).

NONE -

Road st andard

SEASON - Roads used in dry season only, 3-4 m
wi de surfaced with natural soil or
thin rock, nmay or may not have
per manent drai nage structures.
An al | -weat her secondary road
suitable for year-round use,
3.5-5 mdriveabl e width, surfaced
with gravel or crushed rock of
noder at e depth, and drai nage
structures adequate for a 25-year
storm
Per manent al | -weat her roads used as
main collectors of traffic with a
driveabl e surface of about 9 m
They receive regul ar naintenance,
are heavily surfaced with gravel or
pavenent, and have drai nage struc
tures to accommpdate a 25-year
storm (dummy vari abl e).

AV2ND -

MAIN - -

Vegetation on cut surface

CUTBARE - Cut surface essentially devoid
of vegetation.

CUTWOOD - Cut surface revegetated with
woody veget ati on.

CUTGRASS - Cut surface revegetated with

her baceous vegetation (dunmmy
vari abl e) .

Vegetation on fill surface
FI LLBARE - Fill surface essentially devoid
of vegetation.
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FILLWOOD - Fill surface revegetated with

woody veget ation.

FILLGRASS - Fill surface revegetated with
her baceous vegetation

(dummy vari abl e) .

GRADE - The average road gradient (%

CUTHT - Road cut height (m.

FILLHT - Height of road fills (m.

W DTH - Wdth of road operating surface (m.

YRSLOG - Tinme since the area adjacent to the
road was | ogged (yrs).

PROPLOG - Proportion of the area adjacent to
the road which had been | ogged.

FILLVOL - Volume of fill (nikmil).

CUTVOL - Vol une of cut excavation (m3km'1).

TOTEXC - FILLVOL + CUTVOL (not used in
(ntkml).

ROADAGE - Age of the road at the tinme of

measurenent (yrs).

Site Variables

SLOPE - Average terrain slope (tangent).

ASPECT - Coded 1-8 in rough approximation
to mcroclimte (Rice and
Dat zman, 1981).

ELEV - Mean road el evation (m.

COVER - The proportion of ground covered
by the crowns of the doni nant
vegetation (9.

25YR24HR - The nmaxi mum anount of
precipitation in 24 hours
resulting froma storm having
a 25-year return period
(Mller et al, 1973)(cn).

VAP - Mean annual precipitation(Rantz,
1968) (cn).

SAND - Proportion of soil conposed of
particles between 2 and
2 x 1072 nmin dianeter

CLAY - Proportion of soil conposed of
particles smaller than 2 x 1073
mmin dianeter (%

SILT - Proportion of soil conposed of
particles between 2 x10"2 and
2 x 107 rmmin dianeter (%

PCTGI2MM - Proportion of soil conposed of
particles greater than 2 nmin
di aneter (%.

FAULTS - Distance to nearest napped geol ogic

fault (knm) (faults nore distant
than 8 km coded as 8 km).

Shape of Sl ope

CONCAVE - Average slope configuration
normal to contours is concave.

CONVEX - Average slope configuration
normal to contours is convex.

UNI F - Uniform sl ope (Dummy variable).

CGeol ogi c parent materi al
GR - Acid igneous rocks,
UM - U tramafic rocks.
MM - Met anor phi ¢ rocks,

sedi nentary rocks.

mainly granitics.

i ncl udi ng net a-

SS - Soft sedinmentary rocks, mainly of
Cenozoic era.
HS - Hard sedi mentary rocks, mainly of

Cretaceous and Jurassic periods.

FR - The Franci scan Formation, a highly
sheared and conplex unit consisting
mai nly of nassive graywacke and
i nterbedded shal es. (Dunmy vari abl e).



