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ABSTRACT

Amajor flood in February 1996 triggered more than 100 geomorphic features affecting forest roads in & §&Higmrea

in the western Cascade Range, Oregon. Eight types of features, including mass movements and fluvial features, were
mapped, measured and analysed using geographic information systems and sediment budgets for the road network.
Although roads functioned as both production and depositional sites for mass movements and fluvial processes, the net
effect ofroads was anincrease in basin-wide sediment production. Debris slides from mobilized road fills were the dominant
process of sediment production from roads. Road-related sedimentation features were concentrated in a portion of the study
area that experienced a rain-on-snow event during the storm and was characterized by the oldest roads and steep slopes
underlain by unstable, highly weathered bedrock. The downslope increase in frequency of features and volumes of sediment
produced, combined with the downslope increase in relative frequency of fluvial over mass-wasting processes, suggests that
during an extreme storm event, aroad network may have majorimpacts on stream channels far removed frominitiation sites.
Overall this study indicated that the nature of geomorphic processes influenced by roads is strongly conditioned by road
location and construction practices, basin geology and storm characteristics. Published in 2001 by John Wiley & Sons, Ltd.
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INTRODUCTION

Forest roads, constructed for timber harvesting, fire management and other objectives, are widespread
features of managed forest lands. Forest road networks commonly reach densities equivalent to stream
drainage density (FEMAT, 1993; Wempd al, 1996). Roads in forests are exotic structures that interact
with geomorphic, hydrologic and ecological processes with potential effects that range from the local site to
broad watershed scales (Forman and Alexander, 1998; &bras2000).

Roads influence a variety of hydrologic and geomorphic processes. Road surfaces may limit infiltration
and increase the rate of fine-grained sediment production in watersheds (e.g. Dunne, 1979; Reid and Dunne,
1984; Fahey and Coker, 1989; Ziegler and Giambelluca, 1997). Debris slides initiated on road cutslopes and
fillslopes increase rates of mass wasting relative to forested conditions (Swanson and Dyrness, 1975;
Megaharet al, 1978; Coker and Fahey, 1993). In addition, roads may influence sediment production and
transport by fluvial processes, where sediment or wood is trapped at stream-crossing culverts and diversion of
surface runoff results in culvert failure or gullying of ditches, road surfaces and hillslopes (Wataalgr
1995; Flannagan, 1999).

The net effect of roads on water and sediment routing varies in time and space, depending upon which
processes dominate. High rates of sediment production from road surfaces occur in the years immediately
following road construction, but diminish rapidly over time (Fredriksen, 1970; Megahan and Kidd, 1972).
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Road-relatedsedimentproduction by landsliding often exceedschronic sedimentproductionfrom road
surfacegMegaharet al., 1978;Reid et al., 1981),but typically occursonly in responséo extremestorms
(SwansorandDyrness 1975; Cokerand Fahey,1993).In someenvironmentsgeomorphiceffectsof roads
may include culvert pluggingandgully erosion(Weaveret al., 1995; Flannagan1999).

Effectsof road networksin whole basinsdependon the cumulativeeffectsof manyreinforcingand off-
settinginteractionsamongroad-relatedprocessed.ocally, a roadsegmenimay interactwith masswasting
andfluvial processei severalways:the road may initiate, transformor intercepta given processandthe
associatednaterial At thehillslope scale the netinfluenceof roadsdependsiponhow processeaffectedby
individual road segmentsnteractas materialis transportediownslopeandinto the streamnetwork. At the
basinscale the effectof roadsdependsiponroadnetworkconnectivitywith the streamnetwork(Wempleet
al., 1996; Joneset al., 2000) and the extentto which roadsenhanceor impededownstreantransportof
sedimentNakamuraet al., in press).

This study focusesuponthe local, hillslope- and basin-scaleeffectsof a forestroad network during an
individual stormevent.An extremestormeventin Februaryl996providedthe opportunityto examineroad
networkinteractionswith therouting of waterandsedimentata sitewheresomeaspect®f theseinteractions
had beendocumentedn prior studies(Dyrness,1967; Fredriksen,1970; Swansonand Dyrness,1975;
Wempleet al., 1996).We examineeffectsof the road networkon initiation, movementandinterceptionof
sedimentby a suite of mass-wastin@ndfluvial processeshat operateuponpartsor the whole of the road
prism—cutslopeditch, road surfaceandfillslope (Figurel).

METHODS

Studyarea

Thestudywasconductedn the LookoutCreekandBlue Riverbasinsjocatedin thewesternCascad&kange
in Oregon(Figure?2). Bedrockis exclusivelyof volcanicorigin, including highly alteredandgeomaorphically
unstablevolcaniclasticrocksof late Oligoceneto early Mioceneorigin thatoccurat elevationsbelow about
1000m. Relatively stablerocks and soil derivedfrom andesiticand basalticlava flows of middle to late
Mioceneageoccurat elevationsabovel1000m (Swansorand James;1975).

ThePacificmaritimeclimateof westerrOregonis characterizethy dry summerandwetwinters.Average
annualprecipitationin the studyarearangedrom 2300mm atlow elevationto over2500mmin higherareas.
Over 80 per cent of the precipitation falls betweenOctoberand May, typically as rain below 400m
(Greenland,1994). Between400 and approximatelyl200m, a transientsnowpackdevelopsduring most
winters (Harr, 1981). A seasonalsnowpackcommonly developsabove 1200m. Forestvegetationis
dominatedby DouglasFir (Pseudotsuganenzies)i and WesternHemlock (Tsugaheterophyllg. Timber
harvestingandroadconstructiorhaveoccurredn the basinssince1950,andby 1990roughly 25 percentof
thebasinswerein managedtandswhile theroadnetworkhadreachedensitiesof >2 km km~? (Jonesand
Grant,1996)(Tablel).

Road age and density vary with elevationand hillslope position in the study basins(Wemple, 1994).
Timberharvestingandroadconstructioroccurredargelyin the 1950sand1960sin LookoutCreekandfrom
the mid-1960sonwardin Blue River. Main-haulaccessoads,constructedalongthe valley floor duringthe
1950sto early1960s form the backboneof theroadnetworksin bothbasins Connectedo theses a network
of mid-sloperoads,constructediuring subsequentecadesthat wasdesignedo accesdistributedharvest
units (Silenand Gratkowski,1953). Thesevalley-floor andmid-sloperoadswereconstructedn areasof the
basinunderlainby geologicallyunstablerock types,makingthem particularly vulnerableto masswasting.
High ratesof road-relatedandslidingdocumentediuring the 1964flood in theregion(e.g.Dyrness,1967;
SwansorandDyrness;1975)ledto modificationsin roadlocationanddesignpracticesBy the 1970sroadsin
the basinswere constructedon upper slopes,reflecting a regional trend of improved road engineering
standard¢Sessiongt al., 1987).
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Figurel. Typology of erosionalanddepositionafeatures producedoy mass-wastingndfluvial processesandassociatedvith forest
roads

TheFebruary1996 storm

A sequencef eventstypical of majorfloodsin westernOregon(Harr, 1981)led up to the Februaryl996
storm. Following a period of below-averageprecipitation, prodigious snowfall in late Januarybrought
snowpacklevelsto 112 per cent of the long-termaveragein the region (Swansonet al., 1998). On the
afternoonof 5 February,a strongsubtropicaljet streammovedinto the Pacific Northwest,bringing warm
rains from the central Pacific Ocean.Rainfall for the period 5-9 Februaryexceeded290mm. Rain and
associategnowmelttriggeredflood flows with returnperiodsof 30to 100years,with profoundanddiverse
geomorphicandecologicalimpacts(Swansoret al., 1998;Johnsoret al., in press).

As is typical of rain-on-snoweventsin these basins (Perkins, 1997), the relative timing of peak
precipitationandsnowpackmelting differed by elevationduringthe Februaryl996storm.At low elevations
(400 to 800m), rain-saturatedsnowmeltcoincidedwith peak precipitationintensity, whereasat middle
elevationg800-1200m), maximumsnowmeltoccurredroughly 24 hoursafter peakprecipitation,andupper
elevationg(>>1200m) experiencedittle snowmeltduring the event(Dyrnesset al., 1996).

Inventorymethodsand mappedeatures

In thefirst few monthsafterthe storm,the entireroadnetworkin thestudyareawassurveyeddy vehicleor
on foot. All erosionaland depositionalfeatureswithin the road prism (cutslope,ditch, road surfaceand
fillslope) wereidentified (Figurel). Locationsof featuresveremappeddn 7-5 minutetopographianapsand
subsequentlyligitized into a geographidnformationsystem(GIS).

Eight typesof featureswere identified, involving erosionand depositionby mass-wastingand fluvial
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Figure2. Locationmapof the Lookout CreekandBlue River basinsn thewesternOregonCascadedJSA, showinglocationof roads
and streamnetwork, hillslope position classesand erosionaland depositionalfeaturesmappedin this study. Locationsof mapped

featuresrelative to elevationclassesare shownon insetmapat lower right

Tablel. Summaryof characteristic®f studybasins

Lookout Creekbasin

Blue River basin

Harvestedarea(%% 22
Drainagearea(km?) . 62
Drainagedensity(km km~?) 30
Roadlength, total (km) 118
Upperslope(km) 27
Midslope (km) 73
Valley floor (km) 18
Roaddensity(km km~2) 1.9
Areaof basinin roads(%)t 31

25
119
2.9
230
75
132
23
1.9
31

* Estimatedwvinter baseflowdrainagedensity(seeWempleetal., 1996)

T Computedusing an averagewidth of road cut, surface,andfill of 16m from Silen and

Gratkowski(1953)
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processegFigurel). Massmovementsveredefinedasdiscernibleerosionalscarsanddepositionafeatures
producedy processemvolving enmassealetachmenanddisplacemenodf sedimenandorganicdebris. Five
typesof massmovementoccurred:someintersectedoadsbut originatedaboveroads(hillslope slides)or
occurredin channelqdebrisflows) but wereinterceptediy roads whereasthersoriginatedwithin theroad
prism(cutslopeslides fillslope slidesandslumps) Hillslope slides,cutslopeslidesandfillslope slidesareall
debrisslidesdistinguishednly by location,while slumpsareminor displacementggenerallylessthan1 m)
of blocks of the road prism. Fluvial featureswere definedas discernibleerosionalscarsand depositional
featuresproducedby processesnvolving particle-by-particletransportof sedimentby overlandflow or
channelizedlow. Threetypesof fluvial featuresoccurred:depositof bedloadthatpluggedstream-crossing
culverts(pluggedculverts);ditchesincisedby diverted streamflow(incisedditches);and road surfacesor
hillslopeserodedby divertedstreamflow(gullies).

The volume of materialdetachedtransportecand depositedvasestimatedor eachfeature.Volumesof
debrisslides,gulliesandincisedditcheswereestimatedrom measurementsf thelength,width anddepthof
the scarfeatures Debrisflow volumesweretakenfrom the volume estimatesf contributingdebrisslides,
althoughthe actualvolume of a debrisflow alsoincludedthe materialentrainedand depositedalongthe
channebed,whichwasnotmeasuredSediment/olumesassociateavith pluggedculvertswereestimatedy
measuringlepositsat culvertinlets, but did notincludeany materialtransportedhroughthe culvertprior to
plugging. The smallestfeaturesinventoriedwere a gully of 5m?, a cutslopeslide of 10m?® anda plugged
culvertwith 15m? of sedimentbutthesizeof mostfeaturegangedrom 100to 6000m? of materialremoved
or deposited.

Sedimenbudget

Sedimentbudgetswere estimatedat each affectedsite and presentedor roadsstratified by hillslope
position(Figure3). Volumesof sedimenimobilizedon hillslopesor in channelsaboveroads(H) andwithin
theroadprism (R) werepartitionedinto the fraction storedon roads(Hs, Rs) andthe fractiontransportedo
hillslopesbelowroads(H;, R;), accordingto:

H = Hs + H (1)
and
R=Rs+R: (2)
H

Figure3. Component®f the sedimenbudgetconstructedat the scaleof individual roadsegmentsinputsincludesedimenmobilized
from hillslopesor in streamchannelsaboveroads(H) andsedimenmobilizedfrom within theroadprism(R). Sedimentontributedo
or mobilizedon the road could be stored(Hs, Rs) or transportediownslope(H;, Ry)
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Net storageof sedimenbn theroad (AS) was:
AS=H - (H{+ R (3)

whereH representsnaterialoriginatingon hillslopesandin channelsaboveroads,and(H; + R;) represents
sedimenttransportedout of the road zone. SubstitutingEquationl into Equation3 and rearranging et
storageby theroadcanbe expresseas:

AS=H; - R (4)

Negativevaluesof ASindicatethatroadswerea netsource or productionsite, for sedimentHere,sediment
sourcerefersto materialmobilizedonslopesorin channel@andmoveddownslopenanymetregexceptin the
caseof slumps)whereit waseitherdeliveredto channelsr heldin storagdor possibledeliveryto channels
during subsequenevents.Positive valuesof AS indicate that roadsfunctionedas a net storagesite for
sedimentderivedfrom upslope preventingthe delivery of sedimento channelsr terminatingthe transport
of sedimentithin channelsMuch of this storedsedimentvasplacedbelowroadsor removedrom the site
during maintenancectivities following the storm.

Spatialdistribution

The elevation,road ageandslopepositionof eachfeaturewereidentified by overlayanalysesn a GIS.
Three elevationzoneswithin the study areawere identified from a digital elevationmodel of the basin.
Elevationzoneswerechoserto correspondvith observedainfall-snowmeldynamicsdescribedabove:low
elevationg400to 800m), middle elevationg800to 1200m) andhigh elevationg>1200m). Roadagewas
identifiedfrom historicalaerialphotographg¢JonesandGrant,1996;Wempleetal., 1996).Roadageclasses
correspondedo periodsof different road constructionratesand designs:prior to 1960,1960-1969,1970—
1979,1980-1995.

Thebasinwaspartitionedinto upperslope mid-slopeandvalleyfloor zonesusingGISlayersof thestream
networkandthedigital elevationmodelof the basin(Figure?2). Hillslope positionswerechoserto represent
distinctcombinationsof gradientandthe potentialfor upslopecontributionof waterandsedimento roads.
Onupperhillslopes(definedasthe areawithin 100m on eithersideof majorridges),gradientsaregenerally
steepandconcentratiorof surfacerunoff by roadsmayleadto slopeinstability (Montgomery,1994).Roads
locatedon upperslopepositionshavefew intersectionaith streamsandlittle potentialfor interceptionof
groundwatepor sedimentdueto limited extentof upslopeareagWemple,1998).0n mid-slopeqdefinedas
areasoutsideof upperslopesandvalley floors), gradientsare steep thereare manyroad—streantrossings
(Joneset al., 2000) and thereis a high potentialfor interceptionof groundwaterand sedimentby roads
(Wemple,1998). On valley floors (definedas areaswithin a 200m distanceon either side of fifth-order
channelspr within a 100m distanceon eithersideof fourth-orderchannelsincluding floodplains,terraces
andalluvial fans),gradientsarelow, butroadscrosshigher-ordetributary streamgJone<tal., 2000).Here,
thereis a high potentialfor interceptionof streamflowandsedimentby roads,especiallythoseimmediately
adjacento steephillslopes.

Processnteractions

Cascadingequencesf geomorphigrocessesr ‘disturbancecascadesNakamuraetal., in press)were
examinedfor the set of inventoried features.Featuresthat appearedto have triggered other features
downslopeor elsewheralongtheroadwereidentifiedby tracingeachfeaturefrom its initiation sitealongthe
runoutpathway.
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Table ll. Numbersandfrequenciegnumbersperkilometreof roadlength)of inventoriedfeaturesn the LookoutCreek
andBlue River basins

Lookout Creekbasin Blue River basin Total
No. No./km No. No./km No. No./km

Massmovements

Debrisflows 9 0.08 7 0.03 16 0-05
Hillslope slides 4 0-03 1 0-004 5 0.01
Cutslopeslides 1 0-01 11 0-05 12 0-03
Fillslope slides 18 015 13 0-06 31 0-09
Slumps 1 0.01 12 0-05 13 0-04
Total 33 0-28 44 019 77 0-22
Fluvial features

Pluggedculverts 3 0-03 10 0-04 13 0-04
Incisedditches 1 001 2 001 3 0.01
Gullies 5 0-04 5 0.02 10 0-03
Total 9 0-08 17 0.07 26 0.07
Grandtotal 42 0-36 61 0-27 103 0-30

RESULTS

Numbersfrequenciesyolumesand interactionsamongfeatures

A diversesuite of geomorphicprocesse®ccurredduring the February1996 flood event, producing103
mappedfeaturesassociatedvith roadsin the Lookout Creekand Blue River basins(Table Il). The vast
majority of thesefeaturesoccurredn the southerrportion of the studyareaatlow elevationsites(Figure?2).
Massmovementsvere more numeroughanfluvial features,and sedimentproductionexceededsediment
storageby roads.Three-quarter®f the inventoriedfeatureswere massmovementsand one-quartemwere
fluvial featuresTwo-thirdsof the featuresnvolved sedimenproductionfrom roads,in theform of cutslope
slides fillslope slides,incisedditchesandgullies,while one-thirdinvolved sedimentapturejn whichroads
intercepteddebrisflows, hillslope slidesandbedload(Tablell).

Fillslopeslideswerethe mostnumerousaindfrequenttype of feature Theyaccountedor 30 percentof all
mappedeaturesand40 percentof massmovementswith approximatelyoneoccurrencdor every10km of
roadlengthin thetwo basingTablell). Togethergutslopeslidesandslumpsaccountedor one-quarteof all
inventoriedfeaturesandone-thirdof massnmovementswith averagdrequencie®f three(cutslopeslides)or
four (slumps)for every 100km of road. Hillslope slidesand debrisflows that were interceptedby roads
accountedor the remainingmassmovementsnventoried.

Stream-crossingculverts plugged by bedload accountedfor half of the fluvial featuresthat were
inventoriedwhile gullying of roadsurfacesandfillslopesalsowasrelatively common.Pluggedculvertsand
gulliestogetheraccountedor almostone-quarteof thefeaturesnventoriedandnearlyall (90 percent)of the
fluvial featureswith averagefrequenciesof three(gullies) or four (pluggedculverts)for every 100km of
road.

Roadsinterceptedstoredand producedsedimentput overall were a net sourceof sedimento hillslopes
andchannelsn thetwo basingTablelll). Roadsinterceptecalmost26000m? of sedimentontributedfrom
hillslopesandchannelsandstoredover 19000m? of sedimentHowever, morethan32000m? of sediment
weremobilizedwithin theroadprism,soroadswerea netsourceof morethan13000 m° of sedimentn these
two basinsduringthis event.Debrisflows accountedor two-thirdsof the sedimeninterceptedy roads,and
hillslope slides and bedloadtrappedat stream-crossingulverts accountedfor the remaining one-third.
Fillslope slidesaccountedor four-fifths of sedimentmobilized within road prisms,while cutslopeslides
accountedor mostof theremainingone-fifth; ditch incisionandgullying accountedor lessthan5 percentof
thetotal sedimentolumeerodedrom roads Mostof thesedimenstoredon roadswasfrom debrisflows, but
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Figure 4. Schematiaepresentatiorf the distribution and spatial complexity of featuresinvertoried in this study. Closedsymbols
represenmassmovements @, debrisflows; @, hillslopeslides; A, cutslopeslides; WV, fillslope slides; s, slumps).Opensymbols
represenfluvial featureq O, pluggedculvelts; ——, incisedditches;1, gullies).Featuresrepositionedrelativeto pointof origin, on
hillslopesaboveroadsor within theroadzone(representely greybars).Arrowsindicatefeatureghattriggeredanassociatedeature,
andshowimpactsto multiple tiers of roadswhereapplicable Numbershesidesymbolsindicatenumberof inventoriedfeatureof that

type

cutslopeslides, hillslope slides and bedload(i.e. in pluggedculverts) contributedsmall fractions of the
sedimenistoredon roads.Fillslope slidesaccountedor two-thirdsof the netsedimenexportedfrom roads,
but debrisflows andhillslope slidesaccountedor mostof the remainingone-third(Tablelll).

Slightly more than half (56 per cent) of the erosionaland depositionalfeaturesassociatedvith roads
occurredassolitary events,unconnectedvith otherinventoriedfeatures(Figure4). All of the inventoried
slumpsoccurredas solitary events,apparentlyunaffectedby divertedsurfacerunoff or otherdocumented
mechanismsMost (nine of 13) pluggedculvertsoccurredassolitary events,andapparentlydid not leadto
gullying or fill failure. Most (four of five) hillslope slidesdepositedsedimenton roadswithout triggering
additionalerosionwithin the road prism.

Two typesof complex,interactingsetsof inventoriedfeatureswere observedn roads,involving almost
half (44 percent)of all mappedeatures{1) hillslopeslides,cutslopeslidesor bedloadn ditchesor culverts
led to diversionsof surfacerunoff andtriggeredfillslope slides,gullying or ditch incision; and(2) fillslope
slidesenteredstreamchannelsandbecamedebrisflows (Figure4). One-quarteof the 22 fillslope slideson
mid-sloperoadswereapparentlyconnectedo debrisflows interceptedy roads(threecases)gutslopeslides
in the road prism (two cases)or pluggedculverts (one case).Sevenof ten instancesof gullying were
connectedo debrisflows, andtwo were connectedo cutslopeslidesin the roadprism. Ditch incisionwas
alsoconnectedo debrisflows (two of threecasespr pluggedculverts(onecase) One-quarteof thefillslope
slideson midsloperoadsenteredchannelsandbecamedebrisflows (five cases).
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Table IV. Distribution and frequency(numbersper kilometre of road length) of mass-movemerdnd fluvial features
associatedavith roads,accordingto hillslope positionandfunction of the roadin interceptingor producingsediment

Number Frequencyno./km)
Slopepositionfunction Massmovement  Fluvial feature Massmovement  Fluvial feature
Uppersloperoads
Interceptedby roads 0 0 0 0
Producedon roads 5 0 0-05 0
Total 5 0 0-05 0
Mid-sloperoads
Interceptedby roads 11 9 0-05 0-04
Producedn roads 41 5 0-20 0-02
Total 52 14 0-25 0-06
Valley-floorroads
Interceptedby roads 10 4 0-24 0-10
Producedon roads 10 8 0-24 0-20
Total 20 12 0-48 0-30

Hillslope-scaleeffects

Numbersand frequenciesf erosionaland depositionalfeaturesassociatedvith roads,and volumesof
sedimentransportedyariedwith hillslope position(TablelV). Thefrequencyof featuregperunitroadlength
increasednarkedlyin the downslopedirection. Inventoriedfeatureswere six times more frequenton mid-
sloperoadscomparedo uppersloperoads,and2-5 timesmorefrequenton valley-floor roadscomparedo
mid-sloperoads.

Massmovementslecreaseth frequencyrelativeto fluvial featuresn thedownslopedirection(TablelV).
Massmovementsverethe only type of featuresobservedn upperslopes Fluvial featuresaccountedor 21
per centof inventoriedfeatureson mid-slopesand 38 per centof inventoriedfeatureson valley floors.

Featureproducingsedimentrom theroadprismalsodecreaseth frequencyin the downslopedirection
relativeto featuresnterceptingsedimenion roadsurfaceqTablelV). Uppersloperoadsfunctionedonly to
producesediment.On mid-slopesfeaturesthat producedsedimenton roadswere 2-3 times more frequent
than featuresthat originated outsidethe road prism, while on valley-floor roadsthe numberof features
initiated on roadswasalmostequalto the numberof featuresinterceptedby roads.

The volume of sedimentproducel from roads(R) washigherin mid-slopepositionsthan upper slopeor
valley-floor positiors, but sedimemvolumesproducedn roadsdecreaseth the downslopedirection relative
to sedimenvolumescontributel to roadsfrom slopesandstreamgH) andsedimenstoredonroads(Hs + Ry)
(Tablelll, Figure4). Uppersloperoadswereexdusively source®f sedimen{Tablelll), althoughlittle of this
materialmovedbeymd theroadprismin this event(Figure4). Mid-sloperoadswere major sourcef road-
relatedsedimen, accainting for three-quarter®f the total road prism sedimem productionand producing
sedimentat a rate of 120m*km™" of road (Table Ill). Roads in mid-dope positionswere net sourcesof
sedimentproducing twice the volume of sedimen that wasinterceptel from upslopeandupstreansources
(Tablelll). Much of the sedmentstored on roadsoriginatedon hillslopesunaffeded by uppersloperoads,
whereasnuch of the sedmentproduce from mid-sloperoadsmoveddownslopereaching valley floor roads
(Figure4). Onvalley floors, sedimenproductionfrom the roadprism (55 m* km~* of road)wasvery similar
to thaton upperslopes(53m?km~ of roadlength) (Table Ill). Valley-floor roadswerenetstoragesitesfor
sediment,intercepting and storing roughly four times more sedimentthan was erodedfrom theseroads.
Valley-floor roadsstored 227m® km ™~ of sedmentcompaedto 48 m®km~* on midsloperoads(Table I11).

The frequencyof solitary featuresdecreasedn the downslopedirection relative to the frequencyof
complexe®f associatefeaturegFigure4). Onupperslopesnoneof thefive fillslope failureswasconnected

Publishedin 2001 by JohnWiley & Sons,Ltd. Earth Surf. Process Landforms26, 191-204(2001)



ROADS AND GEOMORPHICPROCESSNTERACTIONS 201

Table V. Roadlengths(km) and numbersof inventoriedfeaturesin the Lookout CreekandBlue River basinsbroken
down by decadeof road constructionandelevationclasses.

Lookout CreekBasin Blue River Basin
<1960 1960-691970-791980-95 Total <1960 1960-691970-791980-95 Total

(a) Roadlength (km)

Elevation

400-800m 447 128 03 03 581 266 21.0 118 1.2 60-6

801-1200m 240 9.9 1.8 04 361 4.1 370 54.0 209 1160

>1200m 3.2 193 0 15 24.0 105 177 204 51 537
Total 719 42.0 21 2.2 1182 41.2 757 862 272 2303
(b) No. of features

Elevation

400-800m 31 6 1 0 38 20 7 6 3 36

801-1200m 3 0 0 0 3 6 6 10 3 25

>1200m 1 0 0 0 1 0 0 0 0 0
Total 35 6 1 0 42 26 13 16 6 61

to anotherinventoriedfeature.On midslopes42 percent(28 of 66) of inventoriedfeatureswvereassociated
with oneor morefeaturesFive of the complexfeatureson mid-sloperoadsbeganasdebrisflows from above
theroad.Also, five debrisflows producedfrom mid-sloperoadsaffectedvalley floor roads(Figure4). On
valley floors, 53 per cent (17 of 32) of inventoriedfeatureswere connectedo one or morefeatures.

Basin-scalesffects

The two studybasinshad quite similar frequencief road-relatecerosionand sedimentatior{TableIl).
Mass movementsrepresentedroughly three-quartersof the featuresin both basins,and the relative
proportionsof individual featuretypeswererathersimilar betweerbasinsIn Blue River, wheremoreroads
were constructedn upper slope positionsand in recentdecadesgcutslopeslides and slumpswere more
frequentthanin Lookout Creekbasin,whereroadswereconstructedn lower hillslope positionsandearlier.

The highestfrequencyof road-relatedeaturesin both basinsoccurredon roadsthat hadbeencongructed
prior to 1960at elevationselow800m (Tablesll andV). In theLookou Creekbasin,over80 percent(35 of
42) of the features ocaurredon 61 per cert of the roadlengththathadbeenconstruced prior to 1960, while
over 90 per cent (38 of 42) of the featuresocaurred on 50 per centof the roadlengththat occurredbelow
800m. Thus,in Lookout Creek,road-relatedeaturesverel-4 timesmorefrequenton roadscongructedprior
to 1960thanfor thebasinasawhole(0-49vs.0-36 features/km),1-8 timesmorefrequenton roadscondructed
below800m thanfor the bash asawhole (0-65 vs. 0-36 features/kny, and1-9 timesmorefrequenton roads
constructedorior to 1960andbelow 800m thanfor the basinasa whale (0-70 vs. 0-36 features/km).

In theBlue Riverbasin 43 percent(26 of 61) of thefeatureccurredon 18 percentof theroadlengththat
hadbeenconstructegrior to 1960,while 60 percent(36 of 61) of thefeaturesoccurredon 27 percentof the
road length that occurredbelow 800m. Thus, in Blue River, road-relatedfeatureswere 2-3 times more
frequenton roadsconstructedorior to 1960, or below 800m, thanfor the basinasa whole (0-65 vs. 0-27
features/kmp-60vs. 0-27 features/km)and2-8 timesmorefrequenton roadsconstructegrior to 1960and
below 800m thanfor the basinasa whole (0-75 vs. 0-27 features/km).

DISCUSSION

Theroadnetworkinteractedwvith geomorphigrocesses thelandscapeluringthis stormevent,producinga
complexpatternof road-relatederosionand deposition.Although roadsfunctionedas both initiation and
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depositionakitesfor masamovementsandfluvial processeghe neteffectof roadswasanincreasen basin-
wide sedimentproduction.Road-relatededimentatiorieatureswere concentratedn a portion of the study
areathatexperienced classicrain-on-snoweventduringthe stormandwascharacterizethy the oldestroads
andslopeaunderlainby unstablehighly weatherededrock Thedownslopéncreasen frequencyof features
andvolumesof sedimentproducedcombinedwith the downslopeincreasan relative frequencyof fluvial
over mass-movemenprocessessuggestghat during an extremestorm event, a road network may have
impactson hillslopesandstreamchanneldar removedfrom initiation sites.Overallthis studyindicatedthat
the nature of geomorphicprocessesnfluenced by roadsis strongly conditionedon road location and
constructionpractices pasingeologyandstormcharacteristics.

Fillslope slideswerethe dominantprocesf sedimeniproductionfrom roads Fillslope slidesinitiated on
steephillslopesoften transportedsedimentsignificantdistancedrom initiation sites.More than half (over
13000m?) of the sedimentproducedby fillslope slideswasdeliveredto channelsn the study basins(F.J.
Swansonunpublisheddata).

Sedimentinterceptionand storageby roadswas an important aspectof this study, but only certain
combinationsof road position and geomorphicprocessesed to sedimentinterception.Cutslopeslideson
mid-sloperoadsresultedn nearlycompletestorageof sedimentbecaus®f the near-horizontatonfiguration
of the roadsurfacebelowthe initiation site. Sedimentstoragefor debrisflows andhillslope slideswasless
effective,particularlyon mid-sloperoads presumabhdueto higherenergyandlowerviscosityconditionsfor
materialmobilized by theseprocessesSedimentstoragewas most effective on valley-floor roads,in part
becausef the generallylow gradientof adjacentandforms,suchasalluvial fansandterraces.

This study corroborateghe finding of other studies(e.g. Reid et al., 1981) that road-relatederosion
processemcreaseoverall sedimentproductionin forestedbasins.Road-relatedlebrisslidesinventoriedin
this studyrepresentedlmosthalf (44 percent)of the80 debrisslides(>75m?®) inventoriedafterthe February
1996storm(F.J.Swansonunpublisheddata),while road-relatediebrisslidesrepresente®0 percentof the
total inventoried after the Decemberl1964 and January1965 storms (Dyrness,1967). In steepforested
landscapesf westernOregon,debrisslides(distinguishedas hillslope, fillslope and cutslopeslidesin this
study) havebeena dominantsourceof sedimentboth along roads(this study)andin the largerlandscape
(Swansorand Fredricksen1982).

A numberof geographicallyoverlappingfactorsapparentlycontributedto the concentratiorof featuresn
thesouthern]jow-elevationportionof the studyarea.This low-elevationareahaddistinctgeology,roadages
andsnowmeltpatternsgduringthe stormevent.The oldestroadsin the Lookout CreekandBlue River basins
were constructedat low elevations,where highly weatheredvolcanic rocks contributeto inherentslope
instability (Dyrness,1967; SwansorandDyrness 1975).This low-elevationzone,particularly betweer00
and800m, experiencedgnowmeltcoincidentwith maximumprecipitationduring the Februaryl 996 storm,
whereasnowmeltwasdelayedat higherelevationgDyrnessetal., 1996).The coincidenceof olderroadson
unstablesoils at elevationsexposedto rapid snowmelt preventsthe clear discrimination of a single
explanatoryfactor responsibldor the concentratiorof featuresin this portion of the studyarea.

Roadsappearto contributeto sequencesf linked geomorphicprocesseshat may affect hillslopesand
streamchanneldar downstreanof initiation sites.During a singlestormevent,geomorphigrocessesften
occurascascadingequencesf linked features suchasdebrisslideson hillslopestransforminginto debris
flows in smalltributary streamchannelandultimatelywoodandsedimenpulsesn largemainstenchannels
(Nakamuraet al., in press).In somecasesin this study, roadsincreasedhe frequencyof debrisslides,
supplementethe volumeof debrisflows, andpartitioneddebrisflows into sedimeninterceptecdntheroad
surfaceandwaterthatflowed downthe roadandenteredan adjoiningstreamchannel Long portionsof the
streamnetworkin Lookout CreekandBlue River were scouredby debrisflows that originatedasfillslope
slidesfrom mid-sloperoads(K. Snyder,OregonStateUniversity, unpublished) Considerablestreambank
erosionoccurredalong debris flow pathsandin someareasdownstreamof those pathsor of drainage
diversions.

The relationship betweengeomorphicprocessesand road location has numerousimplications. Our
findings suggesthat older roadsin mid-slopepositionscontinueto dominatethe productionof sediment
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during extremestorms,despiteimprovementsn the constructionandlocation of roadsin recentdecades.
Engineeringefforts directed at maintainingor restoring mid-slope roadson unstablehillslopes may be
particularlyeffectivein minimizing futureimpacts.In addition,effortsmight bedirectedtowardreducingthe
role of roadsin downslopecascadesf mass-movemerdandfluvial processesuchasthosedocumentedn
this study.In our studyarea,the high frequencyof road-relatedeaturesalongvalley-floor roadsprevented
accessto the basinstemporarily, and some areaswere inaccessiblefor many months, indicating that
engineeringmeasurego protectmain-acceswalley-floor roadsor provide for more effective passageof
sedimentmay be relatively cost effective. Our spatially explicit inventory of road-relatedsedimentation
featuresillustrated particular connectionsbetweenthe road network and geomorphicprocesse#n a steep
forestedlandscapeof westernOregon;replication of this approachin other landscapegould contribute
valuableinsightsfor roadengineeringandgeomorpholgy.
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