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ABSTRACT

A major flood in February 1996 triggered more than 100 geomorphic features affecting forest roads in a 181 km2study area
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 of roadswasan increase inbasin-widesediment production.Debrisslides frommobilized road fillswere thedominant
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 byunstable, highly weathered bedrock. The downslope increase in frequency of features andvolumes ofsediment
produced, combined with thedownslope increase in relative frequency of fluvial overmass-wastingprocesses,suggests that
duringanextreme stormevent, a roadnetworkmay havemajor impacts onstream channels far removed from initiation 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; Wempleet 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; Joneset al., 2000).

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;
Megahanet 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 (Weaveret al.,
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-relatedsedimentproductionby landsliding often exceedschronic sedimentproduction from road
surfaces(Megahanet al., 1978;Reid et al., 1981),but typically occursonly in responseto extremestorms
(SwansonandDyrness,1975;CokerandFahey,1993).In someenvironments,geomorphiceffectsof roads
may includeculvert pluggingandgully erosion(Weaveret al., 1995;Flannagan,1999).

Effectsof roadnetworksin wholebasinsdependon the cumulativeeffectsof manyreinforcingandoff-
settinginteractionsamongroad-relatedprocesses.Locally, a roadsegmentmay interactwith masswasting
andfluvial processesin severalways:the roadmay initiate, transformor intercepta given processandthe
associatedmaterial.At thehillslopescale,thenetinfluenceof roadsdependsuponhowprocessesaffectedby
individual roadsegmentsinteractasmaterialis transporteddownslopeandinto thestreamnetwork.At the
basinscale,theeffectof roadsdependsuponroadnetworkconnectivitywith thestreamnetwork(Wempleet
al., 1996; Joneset al., 2000) and the extent to which roadsenhanceor impededownstreamtransportof
sediment(Nakamuraet al., in press).

This study focusesuponthe local, hillslope- andbasin-scaleeffectsof a forest roadnetworkduring an
individual stormevent.An extremestormeventin February1996providedtheopportunityto examineroad
networkinteractionswith theroutingof waterandsedimentatasitewheresomeaspectsof theseinteractions
had beendocumentedin prior studies(Dyrness,1967; Fredriksen,1970; Swansonand Dyrness,1975;
Wempleet al., 1996).We examineeffectsof the roadnetworkon initiation, movementandinterceptionof
sedimentby a suiteof mass-wastingandfluvial processesthat operateuponpartsor the whole of the road
prism–cutslope,ditch, roadsurfaceandfillslope (Figure1).

METHODS

Studyarea

Thestudywasconductedin theLookoutCreekandBlueRiverbasins,locatedin thewesternCascadeRange
in Oregon(Figure2). Bedrockis exclusivelyof volcanicorigin, includinghighly alteredandgeomorphically
unstablevolcaniclasticrocksof lateOligoceneto earlyMioceneorigin thatoccurat elevationsbelowabout
1000m. Relatively stablerocks and soil derivedfrom andesiticand basalticlava flows of middle to late
Mioceneageoccurat elevationsabove1000m (SwansonandJames,1975).

ThePacificmaritimeclimateof westernOregonis characterizedby dry summersandwetwinters.Average
annualprecipitationin thestudyarearangesfrom 2300mmat low elevationto over2500mmin higherareas.
Over 80 per cent of the precipitation falls betweenOctober and May, typically as rain below 400m
(Greenland,1994).Between400 and approximately1200m, a transientsnowpackdevelopsduring most
winters (Harr, 1981). A seasonalsnowpackcommonly developsabove 1200m. Forest vegetation is
dominatedby DouglasFir (Pseudotsugamenziesii) and WesternHemlock (Tsugaheterophylla). Timber
harvestingandroadconstructionhaveoccurredin thebasinssince1950,andby 1990roughly25percentof
thebasinswerein managedstands,while theroadnetworkhadreacheddensitiesof >2 km kmÿ2 (Jonesand
Grant,1996)(TableI).

Roadageand densityvary with elevationand hillslope position in the study basins(Wemple,1994).
Timberharvestingandroadconstructionoccurredlargelyin the1950sand1960sin LookoutCreekandfrom
themid-1960sonwardin Blue River. Main-haulaccessroads,constructedalongthevalley floor during the
1950sto early1960s,form thebackboneof theroadnetworksin bothbasins.Connectedto theseis anetwork
of mid-sloperoads,constructedduringsubsequentdecades,that wasdesignedto accessdistributedharvest
units(SilenandGratkowski,1953).Thesevalley-floor andmid-sloperoadswereconstructedin areasof the
basinunderlainby geologicallyunstablerock types,makingthemparticularlyvulnerableto masswasting.
High ratesof road-relatedlandslidingdocumentedduring the1964flood in the region(e.g.Dyrness,1967;
SwansonandDyrness,1975)ledto modificationsin roadlocationanddesignpractices.By the1970sroadsin
the basinswere constructedon upper slopes,reflecting a regional trend of improved road engineering
standards(Sessionset al., 1987).
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TheFebruary1996storm

A sequenceof eventstypical of majorfloodsin westernOregon(Harr,1981)led up to theFebruary1996
storm. Following a period of below-averageprecipitation,prodigioussnowfall in late Januarybrought
snowpacklevels to 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
associatedsnowmelttriggeredflood flows with returnperiodsof 30 to 100years,with profoundanddiverse
geomorphicandecologicalimpacts(Swansonet al., 1998;Johnsonet al., in press).

As is typical of rain-on-snowevents in these basins (Perkins, 1997), the relative timing of peak
precipitationandsnowpackmeltingdifferedby elevationduringtheFebruary1996storm.At low elevations
(400 to 800m), rain-saturatedsnowmeltcoincidedwith peak precipitation intensity, whereasat middle
elevations(800–1200m), maximumsnowmeltoccurredroughly24hoursafterpeakprecipitation,andupper
elevations(>1200m) experiencedlittle snowmeltduring theevent(Dyrnesset al., 1996).

Inventorymethodsandmappedfeatures

In thefirst few monthsafterthestorm,theentireroadnetworkin thestudyareawassurveyedby vehicleor
on foot. All erosionaland depositionalfeatureswithin the road prism (cutslope,ditch, road surfaceand
fillslope) wereidentified(Figure1). Locationsof featuresweremappedon7�5 minutetopographicmapsand
subsequentlydigitized into a geographicinformationsystem(GIS).

Eight typesof featureswere identified, involving erosionand depositionby mass-wastingand fluvial

Figure1. Typologyof erosionalanddepositionalfeatures producedby mass-wastingandfluvial processesandassociatedwith forest
roads
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Figure2. Locationmapof theLookoutCreekandBlueRiver basinsin thewesternOregonCascades,USA, showinglocationof roads
andstreamnetwork,hillslope position classesanderosionaland depositionalfeaturesmappedin this study.Locationsof mapped

featuresrelativeto elevationclassesareshownon insetmapat lower right

Table I. Summaryof characteristicsof studybasins

LookoutCreekbasin Blue River basin

Harvestedarea(%) 22 25
Drainagearea(km2) 62 119
Drainagedensity(km kmÿ2)* 3�0 2�9
Roadlength,total (km) 118 230

Upperslope(km) 27 75
Midslope(km) 73 132
Valley floor (km) 18 23

Roaddensity(km kmÿ2) 1�9 1�9
Areaof basinin roads(%)† 3�1 3�1
* Estimatedwinterbaseflowdrainagedensity(seeWempleetal., 1996)
† Computedusing an averagewidth of road cut, surface,and fill of 16m from Silen and
Gratkowski(1953)
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processes(Figure1). Massmovementsweredefinedasdiscernibleerosionalscarsanddepositionalfeatures
producedby processesinvolving enmassedetachmentanddisplacementof sedimentandorganicdebris.Five
typesof massmovementsoccurred:someintersectedroadsbut originatedaboveroads(hillslope slides)or
occurredin channels(debrisflows) but wereinterceptedby roads,whereasothersoriginatedwithin theroad
prism(cutslopeslides,fillslope slidesandslumps).Hillslopeslides,cutslopeslidesandfillslope slidesareall
debrisslidesdistinguishedonly by location,while slumpsareminor displacements(generallylessthan1 m)
of blocksof the road prism. Fluvial featuresweredefinedasdiscernibleerosionalscarsand depositional
featuresproducedby processesinvolving particle-by-particletransportof sedimentby overlandflow or
channelizedflow. Threetypesof fluvial featuresoccurred:depositsof bedloadthatpluggedstream-crossing
culverts(pluggedculverts);ditchesincisedby divertedstreamflow(incisedditches);androadsurfacesor
hillslopeserodedby divertedstreamflow(gullies).

The volumeof materialdetached,transportedanddepositedwasestimatedfor eachfeature.Volumesof
debrisslides,gulliesandincisedditcheswereestimatedfrom measurementsof thelength,width anddepthof
thescarfeatures.Debrisflow volumesweretakenfrom thevolumeestimatesof contributingdebrisslides,
althoughthe actualvolume of a debrisflow also includedthe materialentrainedanddepositedalong the
channelbed,whichwasnotmeasured.Sedimentvolumesassociatedwith pluggedculvertswereestimatedby
measuringdepositsat culvert inlets,but did not includeanymaterialtransportedthroughtheculvertprior to
plugging.The smallestfeaturesinventoriedwerea gully of 5 m3, a cutslopeslide of 10m3 anda plugged
culvertwith 15m3 of sediment,butthesizeof mostfeaturesrangedfrom 100to 6000m3 of materialremoved
or deposited.

Sedimentbudget

Sedimentbudgetswere estimatedat eachaffectedsite and presentedfor roadsstratified by hillslope
position(Figure3). Volumesof sedimentmobilizedon hillslopesor in channelsaboveroads(H) andwithin
theroadprism(R) werepartitionedinto the fractionstoredon roads(Hs, Rs) andthe fraction transportedto
hillslopesbelowroads(Ht, Rt), accordingto:

H � Hs� Ht �1�

and

R� Rs� Rt �2�

Figure3. Componentsof thesedimentbudgetconstructedat thescaleof individual roadsegments.Inputsincludesedimentmobilized
from hillslopesor in streamchannelsaboveroads(H) andsedimentmobilizedfrom within theroadprism(R). Sedimentcontributedto

or mobilizedon the roadcould bestored(Hs, Rs) or transporteddownslope(Ht, Rt)
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Netstorageof sedimenton the road (DS)was:

DS� H ÿ �Ht � Rt� �3�

whereH representsmaterialoriginatingon hillslopesandin channelsaboveroads,and(Ht� Rt) represents
sedimenttransportedout of the road zone.SubstitutingEquation1 into Equation3 and rearranging,net
storageby the roadcanbeexpressedas:

DS� Hsÿ Rt �4�

Negativevaluesof DS indicatethatroadswerea netsource,or productionsite,for sediment.Here,sediment
sourcerefersto materialmobilizedonslopesor in channelsandmoveddownslopemanymetres(exceptin the
caseof slumps)whereit waseitherdeliveredto channelsor heldin storagefor possibledeliveryto channels
during subsequentevents.Positive valuesof DS indicate that roadsfunctionedas a net storagesite for
sedimentderivedfrom upslope,preventingthedeliveryof sedimentto channelsor terminatingthetransport
of sedimentwithin channels.Much of this storedsedimentwasplacedbelowroadsor removedfrom thesite
duringmaintenanceactivitiesfollowing thestorm.

Spatialdistribution

The elevation,roadageandslopepositionof eachfeaturewereidentified by overlayanalysesin a GIS.
Threeelevationzoneswithin the study areawere identified from a digital elevationmodel of the basin.
Elevationzoneswerechosento correspondwith observedrainfall–snowmeltdynamicsdescribedabove:low
elevations(400to 800m), middleelevations(800to 1200m) andhigh elevations(>1200m). Roadagewas
identifiedfrom historicalaerialphotographs(JonesandGrant,1996;Wempleetal., 1996).Roadageclasses
correspondedto periodsof different roadconstructionratesanddesigns:prior to 1960,1960–1969,1970–
1979,1980–1995.

Thebasinwaspartitionedinto upperslope,mid-slopeandvalley floor zonesusingGISlayersof thestream
networkandthedigital elevationmodelof thebasin(Figure2). Hillslope positionswerechosento represent
distinctcombinationsof gradientandthepotentialfor upslopecontributionof waterandsedimentto roads.
Onupperhillslopes(definedastheareawithin 100m on eithersideof majorridges),gradientsaregenerally
steep,andconcentrationof surfacerunoff by roadsmayleadto slopeinstability (Montgomery,1994).Roads
locatedon upperslopepositionshavefew intersectionswith streamsandlittle potentialfor interceptionof
groundwateror sediment,dueto limited extentof upslopeareas(Wemple,1998).Onmid-slopes(definedas
areasoutsideof upperslopesandvalley floors), gradientsaresteep,therearemanyroad–streamcrossings
(Joneset al., 2000) and there is a high potential for interceptionof groundwaterand sedimentby roads
(Wemple,1998).On valley floors (definedas areaswithin a 200m distanceon either side of fifth-order
channels,or within a 100m distanceon eithersideof fourth-orderchannels,including floodplains,terraces
andalluvial fans),gradientsarelow, but roadscrosshigher-ordertributarystreams(Jonesetal., 2000).Here,
thereis a high potentialfor interceptionof streamflowandsedimentby roads,especiallythoseimmediately
adjacentto steephillslopes.

Processinteractions

Cascadingsequencesof geomorphicprocesses,or ‘disturbancecascades’(Nakamuraetal., in press),were
examinedfor the set of inventoried features.Featuresthat appearedto have triggered other features
downslopeor elsewherealongtheroadwereidentifiedby tracingeachfeaturefrom its initiation sitealongthe
runoutpathway.
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RESULTS

Numbers,frequencies,volumesand interactionsamongfeatures

A diversesuite of geomorphicprocessesoccurredduring the February1996 flood event,producing103
mappedfeaturesassociatedwith roadsin the Lookout Creekand Blue River basins(Table II). The vast
majority of thesefeaturesoccurredin thesouthernportionof thestudyareaat low elevationsites(Figure2).
Massmovementsweremorenumerousthan fluvial features,andsedimentproductionexceededsediment
storageby roads.Three-quartersof the inventoriedfeaturesweremassmovements,andone-quarterwere
fluvial features.Two-thirdsof thefeaturesinvolvedsedimentproductionfrom roads,in theform of cutslope
slides,fillslope slides,incisedditchesandgullies,while one-thirdinvolvedsedimentcapture,in which roads
intercepteddebrisflows, hillslopeslidesandbedload(TableII).

Fillslopeslideswerethemostnumerousandfrequenttypeof feature.Theyaccountedfor 30percentof all
mappedfeaturesand40percentof massmovements,with approximatelyoneoccurrencefor every10km of
roadlengthin thetwo basins(TableII). Together,cutslopeslidesandslumpsaccountedfor one-quarterof all
inventoriedfeaturesandone-thirdof massmovements,with averagefrequenciesof three(cutslopeslides)or
four (slumps)for every 100km of road.Hillslope slidesand debrisflows that were interceptedby roads
accountedfor the remainingmassmovementsinventoried.

Stream-crossingculverts plugged by bedload accountedfor half of the fluvial features that were
inventoried,while gullying of roadsurfacesandfillslopesalsowasrelativelycommon.Pluggedculvertsand
gulliestogetheraccountedfor almostone-quarterof thefeaturesinventoriedandnearlyall (90percent)of the
fluvial features,with averagefrequenciesof three(gullies) or four (pluggedculverts)for every100km of
road.

Roadsintercepted,storedandproducedsediment,but overallwerea netsourceof sedimentto hillslopes
andchannelsin thetwo basins(TableIII). Roadsinterceptedalmost26000m3 of sedimentcontributedfrom
hillslopesandchannelsandstoredover19000m3 of sediment.However,morethan32000m3 of sediment
weremobilizedwithin theroadprism,soroadswereanetsourceof morethan13000m3 of sedimentin these
two basinsduringthisevent.Debrisflows accountedfor two-thirdsof thesedimentinterceptedby roads,and
hillslope slides and bedloadtrappedat stream-crossingculverts accountedfor the remainingone-third.
Fillslope slidesaccountedfor four-fifths of sedimentmobilized within road prisms,while cutslopeslides
accountedfor mostof theremainingone-fifth;ditchincisionandgullying accountedfor lessthan5 percentof
thetotalsedimentvolumeerodedfrom roads.Mostof thesedimentstoredonroadswasfrom debrisflows,but

Table II. Numbersandfrequencies(numbersperkilometreof roadlength)of inventoriedfeaturesin theLookoutCreek
andBlue River basins

LookoutCreekbasin 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
Fillslopeslides 18 0�15 13 0�06 31 0�09
Slumps 1 0�01 12 0�05 13 0�04
Total 33 0�28 44 0�19 77 0�22

Fluvial features
Pluggedculverts 3 0�03 10 0�04 13 0�04
Incisedditches 1 0�01 2 0�01 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
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cutslopeslides,hillslope slidesand bedload(i.e. in pluggedculverts) contributedsmall fractions of the
sedimentstoredon roads.Fillslopeslidesaccountedfor two-thirdsof thenetsedimentexportedfrom roads,
but debrisflows andhillslope slidesaccountedfor mostof the remainingone-third(TableIII).

Slightly more than half (56 per cent) of the erosionaland depositionalfeaturesassociatedwith roads
occurredassolitary events,unconnectedwith other inventoriedfeatures(Figure4). All of the inventoried
slumpsoccurredassolitary events,apparentlyunaffectedby divertedsurfacerunoff or otherdocumented
mechanisms.Most (nineof 13) pluggedculvertsoccurredassolitaryevents,andapparentlydid not leadto
gullying or fill failure. Most (four of five) hillslope slidesdepositedsedimenton roadswithout triggering
additionalerosionwithin the roadprism.

Two typesof complex,interactingsetsof inventoriedfeatureswereobservedon roads,involving almost
half (44percent)of all mappedfeatures:(1) hillslopeslides,cutslopeslidesor bedloadin ditchesor culverts
led to diversionsof surfacerunoff andtriggeredfillslope slides,gullying or ditch incision;and(2) fillslope
slidesenteredstreamchannelsandbecamedebrisflows (Figure4). One-quarterof the22 fillslope slideson
mid-sloperoadswereapparentlyconnectedto debrisflows interceptedby roads(threecases),cutslopeslides
in the road prism (two cases)or pluggedculverts (one case).Sevenof ten instancesof gullying were
connectedto debrisflows, andtwo wereconnectedto cutslopeslidesin the roadprism.Ditch incisionwas
alsoconnectedto debrisflows (two of threecases)or pluggedculverts(onecase).One-quarterof thefillslope
slideson midsloperoadsenteredchannelsandbecamedebrisflows (five cases).

Figure4. Schematicrepresentationof the distributionandspatialcomplexityof featuresinventoried in this study.Closedsymbols
representmassmovements(*, debrisflows; ^, hillslopeslides;~, cutslopeslides;!, fillslope slides;---&----, slumps).Opensymbols
representfluvial features(*, pluggedculverts;&, incisedditches;&, gullies).Featuresarepositionedrelativeto pointof origin, on
hillslopesaboveroadsor within theroadzone(representedby greybars).Arrowsindicatefeaturesthattriggeredanassociatedfeature,
andshowimpactsto multiple tiersof roadswhereapplicable.Numbersbesidesymbolsindicatenumberof inventoriedfeaturesof that

type
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Hillslope-scaleeffects

Numbersand frequenciesof erosionaland depositionalfeaturesassociatedwith roads,and volumesof
sedimenttransported,variedwith hillslopeposition(TableIV). Thefrequencyof featuresperunit roadlength
increasedmarkedlyin the downslopedirection.Inventoriedfeaturesweresix timesmorefrequenton mid-
sloperoadscomparedto uppersloperoads,and2�5 timesmorefrequenton valley-floor roadscomparedto
mid-sloperoads.

Massmovementsdecreasedin frequencyrelativeto fluvial featuresin thedownslopedirection(TableIV).
Massmovementsweretheonly typeof featuresobservedon upperslopes.Fluvial featuresaccountedfor 21
percentof inventoriedfeatureson mid-slopesand38 percentof inventoriedfeatureson valley floors.

Featuresproducingsedimentfrom theroadprismalsodecreasedin frequencyin thedownslopedirection
relativeto featuresinterceptingsedimenton roadsurfaces(TableIV). Uppersloperoadsfunctionedonly to
producesediment.On mid-slopes,featuresthat producedsedimenton roadswere2�3 timesmorefrequent
than featuresthat originatedoutsidethe road prism, while on valley-floor roadsthe numberof features
initiated on roadswasalmostequalto thenumberof featuresinterceptedby roads.

The volumeof sedimentproduced from roads(R) washigher in mid-slopepositionsthanupper slopeor
valley-floor positions,butsediment volumesproducedonroadsdecreasedin thedownslopedirection relative
to sediment volumescontributed to roadsfrom slopesandstreams(H) andsedimentstoredonroads(Hs� Rs)
(TableIII, Figure4).Uppersloperoadswereexclusivelysourcesof sediment(TableIII), althoughlittle of this
materialmovedbeyond theroadprismin this event(Figure4). Mid-sloperoadsweremajorsourcesof road-
relatedsediment, accounting for three-quartersof the total road prism sediment productionandproducing
sedimentat a rate of 120m3 kmÿ1 of road (Table III). Roads in mid-slope positionswere net sourcesof
sediment,producing twice the volumeof sediment that wasintercepted from upslopeandupstreamsources
(TableIII). Much of the sedimentstored on roadsoriginatedon hillslopesunaffected by uppersloperoads,
whereasmuch of thesedimentproduced from mid-sloperoadsmoveddownslope,reaching valley floor roads
(Figure4). On valley floors,sedimentproductionfrom theroadprism (55m3 kmÿ1 of road)wasvery similar
to thaton upperslopes(53m3 kmÿ1 of roadlength)(Table III). Valley-floor roadswerenetstoragesitesfor
sediment,intercepting and storing roughly four times more sedimentthan was erodedfrom theseroads.
Valley-floor roadsstored227m3 kmÿ1 of sedimentcompared to 48m3 kmÿ1 on midsloperoads(Table III).

The frequencyof solitary featuresdecreasedin the downslopedirection relative to the frequencyof
complexesof associatedfeatures(Figure4).Onupperslopes,noneof thefive fillslope failureswasconnected

Table IV. Distribution andfrequency(numbersper kilometreof road length)of mass-movementandfluvial features
associatedwith roads,accordingto hillslope positionandfunction of the roadin interceptingor producingsediment

Number Frequency(no./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
Producedon 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
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to anotherinventoriedfeature.On midslopes,42 percent(28 of 66) of inventoriedfeatureswereassociated
with oneor morefeatures.Fiveof thecomplexfeaturesonmid-sloperoadsbeganasdebrisflows from above
the road.Also, five debrisflows producedfrom mid-sloperoadsaffectedvalley floor roads(Figure4). On
valley floors, 53 percent(17 of 32) of inventoriedfeatureswereconnectedto oneor morefeatures.

Basin-scaleeffects

The two studybasinshadquite similar frequenciesof road-relatederosionandsedimentation(TableII).
Mass movementsrepresentedroughly three-quartersof the features in both basins,and the relative
proportionsof individual featuretypeswererathersimilar betweenbasins.In Blue River,wheremoreroads
were constructedin upperslopepositionsand in recentdecades,cutslopeslidesand slumpswere more
frequentthanin LookoutCreekbasin,whereroadswereconstructedin lower hillslopepositionsandearlier.

Thehighestfrequencyof road-relatedfeaturesin bothbasinsoccurredon roadsthathadbeenconstructed
prior to 1960atelevationsbelow800m (TablesII andV). In theLookout Creekbasin,over80percent(35of
42) of the features occurredon 61 percent of the roadlengththathadbeenconstructedprior to 1960, while
over 90 per cent (38 of 42) of the featuresoccurredon 50 per centof the road length that occurredbelow
800m. Thus,in LookoutCreek,road-relatedfeatureswere1�4 timesmorefrequentonroadsconstructedprior
to 1960thanfor thebasinasawhole(0�49vs.0�36features/km),1�8 timesmorefrequentonroadsconstructed
below800m thanfor thebasin asa whole(0�65 vs.0�36 features/km), and1�9 timesmorefrequenton roads
constructedprior to 1960andbelow800m thanfor thebasinasa whole (0�70 vs. 0�36 features/km).

In theBlueRiverbasin,43percent(26of 61)of thefeaturesoccurredon18percentof theroadlengththat
hadbeenconstructedprior to 1960,while 60percent(36of 61)of thefeaturesoccurredon27percentof the
road length that occurredbelow 800m. Thus, in Blue River, road-relatedfeatureswere 2�3 times more
frequenton roadsconstructedprior to 1960,or below 800m, thanfor the basinasa whole (0�65 vs. 0�27
features/km,0�60 vs.0�27 features/km),and2�8 timesmorefrequenton roadsconstructedprior to 1960and
below800m thanfor thebasinasa whole (0�75 vs. 0�27 features/km).

DISCUSSION

Theroadnetworkinteractedwith geomorphicprocessesin thelandscapeduringthisstormevent,producinga
complexpatternof road-relatederosionand deposition.Although roadsfunctionedas both initiation and

TableV. Roadlengths(km) andnumbersof inventoriedfeaturesin the Lookout CreekandBlue River basinsbroken
downby decadeof roadconstructionandelevationclasses.

LookoutCreekBasin Blue River Basin

<1960 1960–691970–791980–95 Total <1960 1960–691970–791980–95 Total

(a) Roadlength(km)
Elevation
400–800m 44�7 12�8 0�3 0�3 58�1 26�6 21�0 11�8 1�2 60�6
801–1200m 24�0 9�9 1�8 0�4 36�1 4�1 37�0 54�0 20�9 116�0
>1200m 3�2 19�3 0 1�5 24�0 10�5 17�7 20�4 5�1 53�7

Total 71�9 42�0 2�1 2�2 118�2 41�2 75�7 86�2 27�2 230�3
(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
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depositionalsitesfor massmovementsandfluvial processes,theneteffectof roadswasanincreasein basin-
wide sedimentproduction.Road-relatedsedimentationfeatureswereconcentratedin a portionof thestudy
areathatexperiencedaclassicrain-on-snoweventduringthestormandwascharacterizedby theoldestroads
andslopesunderlainby unstable,highly weatheredbedrock.Thedownslopeincreasein frequencyof features
andvolumesof sedimentproduced,combinedwith the downslopeincreasein relativefrequencyof fluvial
over mass-movementprocesses,suggeststhat during an extremestorm event,a road network may have
impactson hillslopesandstreamchannelsfar removedfrom initiation sites.Overall this studyindicatedthat
the nature of geomorphicprocessesinfluenced by roads is strongly conditionedon road location and
constructionpractices,basingeologyandstormcharacteristics.

Fillslopeslideswerethedominantprocessof sedimentproductionfrom roads.Fillslopeslidesinitiatedon
steephillslopesoften transportedsedimentsignificantdistancesfrom initiation sites.More thanhalf (over
13000m3) of the sedimentproducedby fillslope slideswasdeliveredto channelsin the studybasins(F.J.
Swanson,unpublisheddata).

Sedimentinterceptionand storageby roadswas an important aspectof this study, but only certain
combinationsof roadpositionandgeomorphicprocessesled to sedimentinterception.Cutslopeslideson
mid-sloperoadsresultedin nearlycompletestorageof sediment,becauseof thenear-horizontalconfiguration
of the roadsurfacebelowthe initiation site.Sedimentstoragefor debrisflows andhillslopeslideswasless
effective,particularlyonmid-sloperoads,presumablydueto higherenergyandlowerviscosityconditionsfor
materialmobilizedby theseprocesses.Sedimentstoragewasmosteffectiveon valley-floor roads,in part
becauseof thegenerallylow gradientof adjacentlandforms,suchasalluvial fansandterraces.

This study corroboratesthe finding of other studies(e.g. Reid et al., 1981) that road-relatederosion
processesincreaseoverall sedimentproductionin forestedbasins.Road-relateddebrisslidesinventoriedin
thisstudyrepresentedalmosthalf (44percent)of the80debrisslides(>75m3) inventoriedaftertheFebruary
1996storm(F.J.Swanson,unpublisheddata),while road-relateddebrisslidesrepresented60 percentof the
total inventoriedafter the December1964 and January1965 storms(Dyrness,1967). In steepforested
landscapesof westernOregon,debrisslides(distinguishedashillslope, fillslope andcutslopeslidesin this
study)havebeena dominantsourceof sedimentboth alongroads(this study)andin the larger landscape
(SwansonandFredricksen,1982).

A numberof geographicallyoverlappingfactorsapparentlycontributedto theconcentrationof featuresin
thesouthern,low-elevationportionof thestudyarea.This low-elevationareahaddistinctgeology,roadages
andsnowmeltpatternsduringthestormevent.Theoldestroadsin theLookoutCreekandBlue River basins
were constructedat low elevations,wherehighly weatheredvolcanic rocks contributeto inherentslope
instability (Dyrness,1967;SwansonandDyrness,1975).This low-elevationzone,particularlybetween400
and800m, experiencedsnowmeltcoincidentwith maximumprecipitationduring theFebruary1996storm,
whereassnowmeltwasdelayedathigherelevations(Dyrnessetal., 1996).Thecoincidenceof olderroadson
unstablesoils at elevationsexposedto rapid snowmelt preventsthe clear discrimination of a single
explanatoryfactor responsiblefor theconcentrationof featuresin this portion of thestudyarea.

Roadsappearto contributeto sequencesof linked geomorphicprocessesthat may affect hillslopesand
streamchannelsfar downstreamof initiation sites.During a singlestormevent,geomorphicprocessesoften
occurascascadingsequencesof linked features,suchasdebrisslideson hillslopestransforminginto debris
flows in smalltributarystreamchannelsandultimatelywoodandsedimentpulsesin largemainstemchannels
(Nakamuraet al., in press).In somecasesin this study, roadsincreasedthe frequencyof debrisslides,
supplementedthevolumeof debrisflows, andpartitioneddebrisflows into sedimentinterceptedon theroad
surfaceandwaterthat flowed downtheroadandenteredanadjoiningstreamchannel.Long portionsof the
streamnetworkin Lookout CreekandBlue River werescouredby debrisflows that originatedasfillslope
slidesfrom mid-sloperoads(K. Snyder,OregonStateUniversity, unpublished).Considerablestreambank
erosionoccurredalong debris flow pathsand in someareasdownstreamof thosepathsor of drainage
diversions.

The relationshipbetweengeomorphicprocessesand road location has numerousimplications. Our
findings suggestthat older roadsin mid-slopepositionscontinueto dominatethe productionof sediment
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during extremestorms,despiteimprovementsin the constructionand locationof roadsin recentdecades.
Engineeringefforts directedat maintainingor restoringmid-sloperoadson unstablehillslopes may be
particularlyeffectivein minimizing futureimpacts.In addition,effortsmightbedirectedtowardreducingthe
role of roadsin downslopecascadesof mass-movementandfluvial processessuchasthosedocumentedin
this study.In our studyarea,thehigh frequencyof road-relatedfeaturesalongvalley-floor roadsprevented
accessto the basinstemporarily, and some areaswere inaccessiblefor many months, indicating that
engineeringmeasuresto protectmain-accessvalley-floor roadsor provide for more effective passageof
sedimentmay be relatively cost effective. Our spatially explicit inventory of road-relatedsedimentation
featuresillustratedparticularconnectionsbetweenthe roadnetworkandgeomorphicprocessesin a steep
forestedlandscapeof westernOregon;replication of this approachin other landscapescould contribute
valuableinsightsfor roadengineeringandgeomorphology.
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