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ABSTRACT

Erosion control treatments were applied to abandoned logging roads in California, with the goal of reducing road-related
sediment input to streams and restoring natural hydrologic patterns on the landscape. Treatment of stream crossings
involved excavating culverts and associated road fill and reshaping streambanks. A variety of techniques were applied to
road benches, which included decompacting the road surface, placing unstable road fill in more stable locations, and re-
establishing natural surface drainage patterns. Following treatment and a 12-year recurrence-interval storm, some road
reaches and excavated stream crossings showed evidence of mass movement failures, gullying, bank erosion and channel
incision. Post-treatment erosion from excavated stream crossings was related to two variables: a surrogate for stream power
(drainage area channel gradient) and the volume of fill excavated from the channel. Post-treatment erosion on road
reaches was related to four explanatory variables: method of treatment, hillslope position (upper, mid-slope or lower), date
of treatment, and an interaction term (hillslope positiomethod of treatment). Sediment delivery from treated roads in
upper, middle and lower hillslope positions was 10, 135 and 556 sediment per kilometre of treated roads, respectively.
Incontrast, inventories of almost 500 km of forest roads in adjacent catchments indicate that untreated roads produced 1500
t0 4700 ni of sediment per kilometre of road length. Erosion from 300 km of treated roads contributed less than 2 per cent of
the total sediment load of Redwood Creek during the period 1978 to 1998. Although road removal treatments do not
completely eliminate erosion associated with forest roads, they do substantially reduce sediment yields from abandoned
logging roads. Published in 2001 by John Wiley & Sons, Ltd.
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INTRODUCTION

Forest roads are significant sources of sediment (Megahan and Kidd, 1972;elaigd 975; Bestt al.

1995). Abandoned and unmaintained roads once used for timber harvest are common across the steep,
forested landscape of southwest Canada and the Pacific Northwest of the United States. Haul roads
constructed across steep slopes frequently result in massive landslides and extensive gullying that contribute
sediment directly into stream channels. Sidecast material from road construction can be mobilized when it
becomes saturated, or gullies can form if road runoff is diverted onto previously unchannelled slopes.

Road cuts and drainage structures, such as culverts, can disrupt natural drainage patterns. Stream crossings
fail when culverts plug with sediment or wood, or are too small to convey storm discharge. In these cases, the
road fill at the stream crossing may be removed by erosion. Drainage structures can divert streams out of their
natural course onto unchannelled hillslopes when the structures fail to function properly. For example, if a
culvert plugs and the road slopes away from the culvert inlet, runoff is diverted from the channel and may
flow down the road onto an unprotected hillslope. These diversions frequently result in further gullying or
road fill failures (Weavert al, 1995). Road cuts can intercept groundwater and increase the amount of
surface runoff (Wemple, 1998). As a result of this hydrologic rerouting, some streams receive an increase in
discharge, and the channels enlarge through downcutting and bank erosion. In addition, widespread surface
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runoff from the roadbenchandcutbankdlows into inboardditches,which commonlydeliverfine sediment
to channels.

In responseo the erosionathreatposedby abandonedorestroads the United StatedJSDI NationalPark
ServiceandUSDA ForestServicefund programmeso upgradesxistingroadsandto removeroadsthatareno
longerneededor thetransportatiometwork.In 1978,the NationalParkServiceinitiated oneof the earliest
and most extensiverestorationprogrammedocusedon roadsat RedwoodNational Parkin north coastal
California. At thattime, Redwood\NationalParkwasexpandedo include15000haof recentlyloggedlands.
Most of the redwoodforeston this land hadbeentractorlogged,which resultedin an extensivenetworkof
unpavedaulroadsandtractortrails (skid roads).The newly acquiredparklandsincludedmorethan650km
of abandonedthaulroadsand4800km of smallerskidtrails. Dueto a concernregardingdownstreamimpacts
of roadson streamsideedwoodforestsandsalmon-bearingivers,the USDI NationalParkServiceinitiated
anerosioncontrolprogrammeo reducesedimenproductionfrom theseabandonedoads Thepurposeof the
programmeasstatedn PublicLaw 95-250wasto reducehuman-induce@rosionwithin Redwood\ational
Parkandencouragehe returnof naturalpatternsof vegetation.

The main focus of the restorationprogrammehas beento reducesedimentdelivery from abandoned
logging roads and restorenatural drainagepatterns.Typical treatmentsinclude decompactingthe road
surface,removingdrainagestructures(primarily culverts),excavatingroadfill from streamchannelsand
exhumingtheoriginal streambedndstreambanksxcavatingunstablesidecasfill from thedownslopeside
of roadbenche®r landingsfilling in or drainingtheinboardditch, andmulchingandreplantingthesites.An
evolutionof roadrehabilitationtechniquesbeginningin 1978,will bediscussedh moredetailbelow.About
300km of abandonedogging roadsweretreatedbetweenl978and 1996 (Figure 1).

The restorationprogrammeat RedwoodNational Park operatedfor many yearsunderbenignweather
conditions,andbetween978and1996RedwoodCreekhadno floods of greaterthanafive-yearrecurrence
interval.In 1997 thetreatedroadsreceivedheirfirst ‘test’ in theform of a12-yeamrecurrencéntervalstorm.
Although storm damagereports documentedmany landslidesand culvert failures on untreatedroads
(RedwoodNationaland StateParks,unpublished-eports),the effect of the stormon treatedroadswas not
known. An evaluationof treatedroadswas initiated to assesghe successof the park’s rehabilitation
programmen meetingits goal of sedimenteductionfrom treatedroadsfollowing a large storm.

The purposeof this paperis to evaluatethe erosionand sedimentdelivery from treatedroadsbasedon
measuremen&fterthe 1997storm.Theformatof the studyis retrospectiveatherthanexperimentabecause
the roadtreatmentsrom 1978to 1996 were not appliedin an experimentadesign.Severalquestionsare
posedin the presentassessmenfire post-treatmenerosionratesfrom removedroadsrelatedto hillslope
position, hillslope gradientor hillslope curvature?Did the type of underlying bedrock influence post-
treatmenerosionratesDid the effectivenes®f differentroadtreatmenimethodsrary significantlyin terms
of reducingsedimentyields?Becauseaevegetatiorof treatedsitesincreasesith time, was post-treatment
erosionrelatedto time sincerehabilitationWaspost-treatmenstreamchanneladjustmentelatedto stream
power?Fromabasin-wideperspectivehaveroadremovaltreatmentsignificantlyreducedsedimentlelivery
from forestroadsinto streams?

PREVIOUSSTUDIES

Many researcherfiave documentedhe effectsof timber harvestand associatedoad constructionin the
RedwoodCreekcatchmentJandaet al. (1975)describedhillslope andchannelconditionsin the Redwood
Creekcatchmentincludingthe extentof timberharvestandsomeof its effectson thelandscapeTheirinitial
work spawned seriesof moredetailedstudiesof specificerosionalprocessesMarron et al. (1995)found
that surfaceerosionfrom overlandflow on forestedandloggedslopesin sandstongerrainin the Redwood
Creekbasinwasminor, but sheetwaslon tractor-loggedslopesn schistterraincanbea significantsediment
source.Gullying was a major erosionprocesson roadedprairiesandloggedlandsin the RedwoodCreek
basin,andmostof the gullies originatedon unpavedoggingroads(Weaveretal., 1995).A sedimenbudget
for GarrettCreek,a tributary to RedwoodCreek,showedthat road constructionandlogging accountedor
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Figurel. Locationmapof the RedwoodCreekbasinshowingthe distributionof roadsin (A) 1978and(B) 1992.Since1978,about
300km of roadhavebeenremovedrom thedownsteamthird of thebasin,whichis managedy federalandstateparks.Theupstream
two-thirds of the basinis privately ownedandtimber harvestis the primary land use

almostall significantsourcesof hillslope erosion(Bestet al., 1995). Landslidesassociatedvith roadsand
recently logged hillslopes accountedfor nearly 80 per cent of total landslide erosionmeasuredn the
Redwood Creek catchment(Pitlick, 1995). Finally, Nolan and Janda(1995) reportedthat synoptically
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measuredaluesof suspended-sedimedischargevereroughlytentimesgreaterfrom harvestederrainthan
from unharvestedreas.

Althoughincreasederosionratesandsedimentyields following roadconstructiorandlogging havebeen
well documentedh the RedwoodCreekcatchmentfew studiesaddresshe changean erosionratesfollowing
roadremoval.Klein (1987)measurec¢hanneladjustmentsluringthefirst yearfollowing excavation®f 24
streamcrossingsn RedwoodNationalPark.Following a five-yearreturnintervalflood, crossingsrodedan
averageof 0-8m>m~? of length of streamin the excavatedcrossing.Post-treatmenerosionwas most
stronglyrelatedto streampowerandinverselyrelatedto the percentagef coarsematerialin streambanks
and large wood in the channel.Luce (1997) found that road ripping (decompactinghe road bench)was
effectivein increasinghe hydraulicconductivitiesof roadsurfacesput did not restorethe conductivitiesto
thoseof a forestedslope. Bloom (1998) contrastedthe erosionderived from treatedand untreatedroad
segmentsn RedwoodNational Parkfollowing the 1997 storm,and reportedthat storm-relatederosionon
untreatedoadswasfour timesgreatethanontreatedroads andthaterosionwasrelatedto hillslope position
and proximity to fault zones.

FIELD AREA

The RedwoodCreekcatchmentjocatedin the northernCoastRangesof California, USA, is underlainby
rocksof theFranciscamissemblagemostlysandstonesnudstonesndschist.RedwoodCreekdrainsanarea
of 720km? andthe basinreceivesan averageof 2000mm of precipitationannually,mostof which falls as
rain betweenOctoberand March. Total basinrelief is 1615m andthe averagehillslope gradientis 26 per
cent. Typical hillslope profiles consistof broad, convex ridges with steeperstreamsideslopes,where
streamsiddandslidesarecommon.Locally, a breakin slopeseparatethe moregentleupperhillslopesand
steeper(>65 per cent) streamsidehillslopes, which is called an inner gorge (Kelsey, 1988). Floodplain
developmenis limited in the RedwoodCreekcatchmentandthe streamsonsideredn this studyarehighly
constrainedvalley width is lessthantwo channelwidths). None of the roadsincludedin this study was
locatedon a floodplain or terrace.

Prior to timber harvest,a conifer forest dominatedby CoastalRedwood(Sequoiasempervirensand
DouglasFir (Pseudostugaenziesji coveredmostof the catchmentalthoughscatteredyrasslandandoak-
woodlanddinedtheeastermridgetops By 1997,80 percentof the original coniferoudoresthadbeenlogged,
and parklandsencompasshe remainingold-growth forests.The primary silvicultural methodwas clearcut
logging with tractoryarding, which resultedin extensivegrounddisturbanceand large areasof baresoil.
Widespreadonstructiorof haulroadsandsmallerskid roadsaccompaniethetimberharvestactivities. The
densityof logging haul roadsis 5-7km km 2.

DESCRIPTIONOF ROAD TREATMENTS

Thefirst stepin treatingforestroadswasto mapthe geomorphicand hydrologic featuresof the roadand
adjacenthillslopes.Erosionfeatures drainagestructuresthe streamnetwork,andthe locationof all roads,
skid trails, seepsaandspringswereidentified on enlargedaerial photographst a scaleof 1:1200.Following
the mappingphase,road removal treatmentswere designedand implemented.In the early 1980s,road
treatmentwork focusedon removingculvertsandpulling backroadfill from streambankgFigure2a—d).In
somecasesnewly excavatedtreamchannelsvereprotectedvith checkdamsor largerocks(Figure2b). The
crossingexcavationssurveyedin this study varied from 100 to 7500m? in volume, and averagedabout
1000m°. Streamgradientsof excavatedstreamcrossinggangedfrom 1 to 50 per cent.
Onroadreachedetweerstreamcrossingsa variety of techniquesvereused which variedin theamount
of earth-movinginvolved (Figure 3a—e).Treatmentdn the early 1980sdecompactedhe road surfaceand
constructedirainsperpendiculato theroadalignmento dewateitheinboardditch (atechniqueeferredto as
‘ripped anddrained’). Typically, 200to 500m?® of roadfill weremovedfor everykilometreof roadtreated
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Figure 2. Typical streamchannelexcavation.(a) Abandonedlogging road with intact culvert before treatment.(b) Immediately

following streamcrossingexcavation.In this case,rock armour and check damswere installed on the channelbed to prevent

downcutting(c) Lessthanoneyearlater,revegetatiorof thestreambankis well underway(d) Threeyearsaftertreatmentaldershave
revegetateanostof the grounddisturbedduring treatment

with this method.This approachs the leastintensivetreatment(Figure 3b). Following this treatmentthe
roadswere mulchedwith strawandseededandreplantedwith nativevegetation(Figure4aandb).

As the programmeprogressedpark geologistsbeganto use more intensivetreatmentmethods,which
included partially outslopingthe road surfaceby excavatingdfill from the outboardedgeof the road and
placingthe materialin theinboardditch atthe baseof the cutbank(Figure3c). This techniquerequiredmore
earth-moving(1000 to 2000m®*km™? of treatedroad). By the 1990s, geologistscommonly prescribed
completerecontouringpf theroadbench(total outslope)jn whichthecutbankwascoveredby excavatedill,
original topsoil from the outboardedgeof the roadwasreplacedon the roadbenchwherepossible stream
channelsvereexcavatedo the original channelbedelevation,streambanksvere extensivelyreshapednd
theroadbenchwasfully recontouredFigures3d, 5aandb). Total outslopinginvolvedmovinganaverageof
6000m? km~* of treatedroad.Channelarmouringwasseldomusedin this phasebuttreesfelled duringroad
treatmentverelater placedin the streamchannelsandon the treatedroad surface On someroadsegments,
excavatedoadfill wasremovedrom theroadbenchandtransportedo amorestablelocation;thistechnique
is termedexportoutslope(Figure 3e). The locationswherethe road spoilswere placedare calledfill sites.
Exportoutslopinginvolved the greatesamountof earth-moving(15000to 20000m? km™* of treatedroad).
Becausesurfaceerosionis not consideredo be a major sedimentsource(Kveton et al., 1983),andnatural
revegetatioris rapidin this region,little mulchingor replantinghasbeendonein recentyears.

Thecumulativelengthof roadtreatedby thedifferentmethodss shownin Figure6a.Mostroadsthatwere
rippedanddrainedweretreatedprior to 1988,and mostexportoutslopingoccurredafter 1988.This means
thatmostminimally treatedroadswere subjectto more stormsthanroadswhich hadmoreintenselevels of
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Figure3. Schematidiagran showingthe ‘anatomy’ of aroadbenchandvariousroadtreatmentechniques(a) Intactroadbenchwith

rockedsurfaceandinboardditch. (b) Theroadis rippedanddrained,so the rockedsurfaceis disaggregatedndthe function of the

inboardditchis eliminated.(c) Partialoutslopejn which the steepessidecasfill is placedatthetoeof thecutbank.(d) Total outslope,

in which all sidecasfill is placedat the toe of the cutbank.(e) Exportoutslopewhereall the sidecasfill is removedfrom the road
benchentirely

treatmentA greatedengthof roadwastreatedn earlyyears whentreatmentsverestill beingrefined.Dueto

budgetconstraintsand more intensivetreatmentin later years,fewer road segmentsvere treatedin more
recentyears.Figure 6b showsthe cumulative length of road treatedby hillslope position. More lower

hillsloperoadsweretreatedn thefirst few yearsof therestoratioprogrammehanroadsin upperandmiddle

hillslopepositionsandoverallmorelower hillsloperoadsweretreated.Theimplicationsof thesanteractions
amongdateof treatmenttreatmentmethodandhillslope positionwill be discussednorefully later.

METHODS

All treatedroadswithin RedwoodNational and State Parkswere subdividedinto 1-6 km road segments.
BecauseBloom (1998) found that hillslope positionwasan importantvariablein evaluatingerosion,road
segmentsvere stratifiedinto threehillslope positions(upper,mid-slopeandlower). The classificationwas
basednthedistanceof theroadfrom the adjacentidgetopto the neareshigh-orderstreamchannelln this
catchmenthillslope positionis relatedto slopegradient,with upper,middle andlower hillslopesaveraging
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Figure4. An exampleof the leastintensiveroadrehabilitationtechnique (a) Abandonedogging roadbeforetreatment(b) Theroad
surfaces decompactedandditchesareconstructegerpendiculato theroadalignmentto draintheroad. Theroadbenchandroadfill
remainin place

25,35and40percent,respectivelylt wasdifficult to measurdéiillslopegradientaccuratelyattreatmensites,

becausehick vegetationandlargeroad prismsobscuredhe original topography For this reasonhillslope

positionis usedasa surrogateor hillslope gradient.Becausehe streamsn this studyarehighly constrained
within steepV-shapedralleys,‘lower hillsloperoads’do notincludeanyroadsonfloodplainsor terracesbut

aretypically in the steepestopography.

Forty road segmentswere selectedrandomly for field mapping, but two segments later deemed
inaccessiblewerenot surveyedDuring the field mappingphaseeachroadsegmentvasfurther subdivided
into ‘streamcrossingswherea culverthadbeenremovedandinterveningroad reachesthatweretreatedoy
avariety of methodsGeomorphianapsthatwereconstructedvhenthe roadswerefirst treatedwereusedto
supplemenfiield observationgo reconstructsite conditionsat the time of treatment.Each sampledroad
segment comprised several treatment sites, representingboth stream crossings and road reaches.
Consequentlythe inventory of 38 segmentof treatedroads(61km) resultedin a dataset consistingof
207 crossingsand 301 roadreachesEachexcavatedstreamcrossingandtreatedroadreachhad a separate
inventoryform with pertinentsite information, mapanderosionmeasurements.
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Figure5. An exampleof the mostintensiveroadrehabilitationtechnique (a) Abandonedogging roadbeforetreatment(b) Theroad
benchis obliteratedandthe hillslope is recontouredtotal outslopingof the roadbench,andtotal excavationof the streamchannel).
Stumpsuncoveredduring excavationindicatethe locationandelevationof the original hillslopes

Volumesfrom severaltypesof post-roadcemovalerosionwere measuredmassmovementbankerosion
and channelincision, and gullying. Becausepreviousstudieshad shownthat surfaceerosionfrom treated
roadsdelivereda small proportionof the total sedimentin this catchment(Kveton et al., 1983) surface
erosionon the treatedroad benchor crossingwas not measured Sedimentdelivery was estimatedby
measuringthe void left by bank erosionor massmovementfeaturesand measuringhe dimensionsof the
downslopedeposit,if presentThe estimatecerrorof measuringhe volume of voids anddepositsvas+25
per cent. Commonly,the toe of the landslideentereda streamchannel,and the erodedmaterialhad been
transportedrom thesite by thetime of field mapping.Typeanddensityof treesandpercentaggroundcover
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Figure6. (a) Cumulativelengthof sampledoadsby dateandmethodof treatment(b) Cumulativelengthof sampledoadsby dateand
hillslope position

of herbaceousegetationon the site werealsorecorded Many roadreachesverethickly vegetatedyhich
obscuredsmall post-treatmengrosionscars.

Regressiormnalysesvereusedto evaluatewhich site factorswereimportantin explainingpost-treatment
erosion.Factorsusedin the analysisof erosionand sedimentdelivery from treatedroad reacheswere:
hillslope position (upper,mid-slopeor lower); bedrock(schist,sandstoner other); treatmenttype (ripped
anddrained,partial outslope total outslope exportoutslopeor fill site); time period of restorationactivity
(1980-1983,1984—-19871988-1991and 1992-1996)and hillslope curvature(convex,planaror concave).
Forstreamcrossingsthefactorsusedwere:bedrocktype, dateof treatmentdrainagearea,channelgradient,
volume excavatedfrom channels,step frequencyand elevationdrop due to steps.Becauseroad reach
boundarieswere basedon the spacingbetweenstreamcrossings,road reacheswere of unequallength.
Consequentlyerosionfrom roadreachesvasnormalizedby the lengthof roadreach(m®m~? of road).In
contrastcrossingerosionwasexpresseds‘m? erodedperexcavation’ It mightalsobe preferableto express
channelerosionvolumesas a normalizedvalue (m®*m~* of channel),but in the field it was difficult to
determineaccuratelythe length of the excavatedchannel Post-treatmenthanneladjustmenupstreamand
downstreanof the excavatedchannelslurredthe boundarieof the excavatecchannel,andin many sites
post-treatmenérosionextendedoeyondthe limits of the crossingexcavationitself.

Thetreatmenmethodfor streamcrossinggremovalof culvertsandreshapingtreambanksjifferedfrom
thatfor roadreachegdecompactingdrainingor recontouringheroadbench) Also, fluvial erosion(channel
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incisionandbankerosion)causednostpost-treatmengrosionin excavatedstreamcrossingswhereasnass
movementsaccountedor three-quarter®f the erosionfrom road reachesFor thesereasonsthe analysis
considereddatafor streamcrossingsseparatelffrom roadreaches.

Theresultsof the erosionmeasurementarereportedastwo values:(1) ‘total erosionsincetreatment’in
cubic metres(a measureof the volume of voids from massmovementchannelerosionor gullying on the
treatmentsite); and (2) ‘sedimentdelivery to streams’,in cubic metres(the volume of the voids minusthe
volume of downslope deposits). Although the measureof voids on the treatment site was fairly
straightforwardthe determinatiorof how muchof the erodedmaterialactually reacheda streamwasmore
subjective Consequentlythe estimateof sedimendelivery from somesitesarenot asaccurateasthoseof
total erosion.

Thedateof treatmenbf theinventoriedsitesrangedfrom 1980to 1996,andby 1997whenthe siteswere
mapped,most road reachesand crossingswere heavily revegetatedwvith shrubs,hardwoodsand some
conifers.Thick revegetatior(for example,Figure 2d) on mostof the treatedroadreacheshindereda close
inspectionof the ground surface,and the minimum volume of erosion measuredwas 2m?>. This was
consideredhedetectionlimit for erosionon roadreachesandby this definition only 20 percentof theroad
reachsiteshaddetectablesrosion HelselandHirsch (1997)considerdatato be severelycensoredvhendata
setshave >50 per cent of the values categorizedas below the detectionlimit. In this situation, they
recommendogistic regressiorasthe appropriateanalyticaltool, andaresponseariableof ‘erosion’ or ‘no
erosion’on roadreachesvasused.

Theexplanatoryariablesarenot necessarilyndependent-orexamplethetreatmentechniqueof ripping
anddrainingwasmorecommonlyusedin the earlytime periodof 1980to 1983thanin later periods(Figure
6a). Another confoundingfactor is that the roadsconsideredhe most unstablewere treatedearly in the
programmeFigure6b). Contingencytableswereusedto checkfor independencamongthe variablesand
severalnteractiontermsweretestedfor significancein theregressioranalysesStep-wisdogistic regression
with forward selection jncluding interactionvariables wasusedto determinewhich variablesto includein
the mostreasonableegressiormodel.

In contrastto roadreaches96 per centof treatedstreamcrossingsexhibiteddetectabldevelsof erosion
(althoughmostchanneladjustmentvasminor). The entirelengthandwidth of the excavatecchannelwere
surveyed so detectionof erosionwasnot a problem.In this case,standardmnultiple regressiortechniques
wereapplied.An interactiontermincludedin theregressioranalysisvas(drainageareax channegradient),
asurrogatefor streampower.Stepwiseregressiomwith forwardselectionusinganF-to-enterof 4 (p = 0-05)
determinedwhich variablesto includein the final regressiommodel.

RESULTSAND DISCUSSION

Distribution of treatedroadsacrosssamplingstrata

Due to the history of the restorationprogrammeat RedwoodNational Park, not all road typesand road
treatmentechniquesreequallydistributedacrossime andspace Contingencytabletestsshowedhat,at a
99 per cent confidencelevel, severalvariableswere not independenbf one another:year of treatment,
method of treatmentand hillslope position. This fact is illustrated in Tables| and Il, which show the
percentagesf roadlength sampledin different categoriesFor example,50 per centof the sampledroad
lengthwason lower hillslope positions.This doesnot meantherewasoriginally greateroadlengthon lower
hillslopes,but that the restorationprogrammetargetedsuchroadsfor early treatmentJeaving more upper
hillsloperoadsuntreatedExportoutslopingwasmorecommonlyprescribedn lower hillsloperoads sofew
of therandomlyselectedoadreachesn upperandmid-slopepositionshadthis treatmentechniqueapplied.
Earlyin the programmemoreroadswereminimally treated andtotal outslopingwasmorecommonin later
years.Becauseof budgetconstraintsandthe useof moreexpensivaechniquesfewerroadsweretreatedin
the period 1992-1996 so the length of treatedroad in this categoryis lessthan for othertime periods.
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Tablel. Percentagef sampledroadlengthaccordingto hillslope andtreatmentypes

Roadrehabilitationtechnique

Rippedand Partial Total Export Fill
Hillslope position drained outslope outslope outslope site Total
Upper 13 5 9 <1 3 30
Mid-slope 8 2 9 <1 1 20
Lower 21 6 7 12 4 50
Total 42 13 25 12 8 100

Consequentlyany extrapolationof the resultsof this study must considerthe constraintsplacedby the
distributionof sampledroadreachesacrossthe variousstrata.

Streamcrossings

From 1980to 1997, the total amountof material erodedfrom 207 crossingsfollowing treatmentwas
10500m?, or about50 m® percrossingAlthoughthis representa directcontributionof sedimento perennial
streamsit is likely that,if thesecrossingshadnotbeentreated muchmoresedimentvould haveeventually
beenerodedand deliveredinto streams.For example,220000m3 of road fill was excavatedfrom the
crossingsduring treatment(1060m? per crossing)which representshe maximum volume of erodible
materialif thosecrossing$adremainedntact.In reality, notall theroadfill actuallyerodesvhenacrossing
fails. In the GarrettCreekcatchmen{abasinadjacento thestudyarea) Bestetal. (1995)determinedhatthe
averageerosionfrom 75 failed crossingsthat had not beentreatedwas 235m°. On the other hand, by
excavatingcrossingsand restoringnaturaldrainagepatterns diversionof flow from the naturalchannelis
preventedBestetal. (1995)showedhatat locationswhereroadsdid causestreamgo divert (at one-quarter
of the crossingssampled)the averageerosionwas 2650m?>. Theselines of evidencesuggesthatthe likely
volume of erosionfrom the excavatedcrossingsvould havebeenat leastfour timesgreater,and probably
more,if they hadnot beentreated.

Most excavatedstreamcrossingsproducedvery little sediment.(Crossingswhich had debristorrents
originating upslopeand off-site of the crossingexcavationwere not includedin this analysisbecausehe
purposevasto look atthe effectivenes®f theroadtreatmenitself.) Twentypercentof theexcavatedtream
crossingproducedr 3 percentof thetotal volumeerodedrom streamcrossinggFigure7a)Klein (1987)and
Bloom (1998)suggesthatmostchannelerosionoccursin thefirst few floodsfollowing treatmentandlater
adjustment®f the channeform aresmallerin magnitude Virtually all theroadfill erodedfrom thetreated
channelsvastransporteff site by the time the crossingsvereinventoried.

Channelincision andbank erosionwerethe mostcommonforms of post-treatmenerosionin crossings.
Only two explanatoryvariableswere significantin the best-fit regressiormodel:

Volume erodedfrom crossing(m®) = 20-8 + 0-041 (drainageareax channelgradieny
+ 0-009 (volume excavatedm®)

Tablell. Percentagef sampledroadlengthaccordingto bedrockhillslope curvatureanddateof treatment

Bedrocktype % Hillslope curvature% Date of treatment%o
Schist 72 Concave 25 1980-1983 30
Sandstone 22 Planar 19 1984-1986 32
Other 6 Convex 56 1987-1991 27
1992-1996 11
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Cumulative Erosion Volumes from Crossings
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Figure7. (a) Cumulativeplot of total erosionfrom excavatedtreamcrossingsTwenty per centof the crossingsaaccountedor 73 per
centof thetotal erosion.(b) Cumulativeplot of total erosionfrom treatedroad reachesTwenty per centof the treatedroadlength
accountedor 99 per centof the total erosion

The surrogatefor streampower (drainageareax channelgradient)(p < 0-001) andthe volume of material

excavatedrom a channelduringtreatmentp = 0-0085)weresignificantvariablesin explainingthe volume

of post-erosiornin excavatedtreamchannelsThegreateithe streampowerandthelargerthe excavationthe

morethe channekrodedollowing treatmentDeeplyincisedchannelghatrequiredmorefill to beexcavated
were more vulnerableto post-treatmenterosionthan shallow crossingswith less road fill becausethe

reshapedstreambanksvere steeper,more extensiveand more likely to fail. The regressionmodel was

statisticallysignificantatthe 99 percentconfidencdevel; however thefitted modelexplainsonly 18 percent

of the variability in post-treatmenerosion.Erosionfollowing treatments highly variable,and many site-

specific conditions (such as the presenceof bedrock, springs or poorly drained soils or incomplete
excavationstaninfluencepost-treatmenérosionaswell.

Roadreaches

Thetotal amountof materialerodedfrom treatedroadreachesvas25 900m®. Most (77 per cent)of this
erosiorwasattributedto massmovemenprocessegrimarily roadfill failures.Of thetotal erosionfrom road
reaches74 per centof the erodedmaterialwas deliveredto a streamchannel.Most treatedroad reaches
performedvell andproducedrerylittle sedimentThecumulativedistributionof erosionfrom roadreachess
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Tablelll. Volume of sedimenteliveredto channelsrom treatedroadreachegm?km™? of roadlength)

Roadrehabilitationtechnique

Hillslope

position Rippedanddrained  Partialoutslope  Total outslope  Exportoutslope Fill site
Upper 10 10 10 N/A* 0
Mid-slope 310 0 20 N/A* 80
Lower 640 550 630 920 40

* L essthanfive samplesn this category

evenmorehighly skewedhanthatfor roadcrossinggFigure7b). Twenty per centof thetreatedroadreach
lengthproduce®9 percentof thetotal erosionfrom treatedroadreachesTotal post-treatmengrosionfrom
61km of road,includingbothfill failuresandstreanmcrossingerosionwas36400m? (600m®km™* of road);
total sedimentelivery was 29 500m?® (480m* km* of road).

A logistic regressiormodel,basedon ‘erosion’ or ‘no erosion’ of the treatedroadsites,resultedin four
significantexplanatoryariables:illslope position,dateof treatmentfreatmentypeandaninteractionterm
(hillslope positionx treatmentype). The resultsof the logistic regressiorcanbe expressedby the oddsof
failure (thatis, erosionoccurredon the roadreach).For example the oddsof failure of roadstreatedin the
earlypartof theprogrammeg1980-1983yvere6-7 timesgreatethanthe oddsof failure for roadstreatedater
(1992-1996)An approximat©5%confidencantervalfor this oddsratiois 5.4to 8.1. Similarly, the oddsof
failure for roadsin lower hillslope positionswerefive timesthoseof upperhillsloperoads(95%Cl: 4.5t0 6.3
times),andthe oddsof failure for mid-sloperoadswere3 timesthoseof uppersloperoads(95%Cl: 2.2t0 4.4
times). The logistic regressiorwasrerun,redefining‘failure’ to be erosion>50m? ratherthanonly >2 m°.
The oddsratiosweresimilar, in thatlower sloperoadstreatedearlyin the restorationprogrammewerethe
mostlikely to havefailed (Madej, 2000).

Although the model was significant at the 99 per cent confidencelevel, the percentageof deviance
explainedby themodelis only 16 percent.Erosionontreatedroadreachesvashighly variable,asit wasfor
treatedstreamcrossingsBesideghe geomorphicvariablesconsideredn this analysisyoadreacherosionis
alsoinfluencedby site-specificconditions suchasthe presencef seepsdepthto bedrock.or history of past
massmovemengctivity. Eventhoughbedrocktypewasnot a significantvariablein this regressionmodel,a
finer distinctionof bedrockbasednthedegreeof fracturing,shearinganderodibility in individual unitsmay
be worth exploringin the future.

Theinteractionof hillslope positionandtreatmentypewassignificantin thelogistic regressiomodel,and
this interactionis describedmore fully in Table lll. The ‘odds of failure’ result defined by the logistic
regressiomoesnotgive informationonthesizeof failure. Accordingly, Tablelll pertaingo themagnitudeof
the failure, and contrastssedimentdelivery under different treatmentand hillslope conditions.On upper
hillslopes,sedimenteliveryfrom all treatmentypesis low. Evenminimal treatmenseemedo besufficient
to preventerosionon thesesites. This suggestghat, exceptfor sensitivegeomorphiclocationssuchas
headwaterswales,a low intensity (and concomitantly,less expensive)treatmentis adequatefor upper
hillslope roads.Sedimentdelivery from mid-sloperoadswasalso low, exceptfor thosethat had minimal
treatmentFor effective sedimentreduction,moreintensivetreatmentsuchaspartial or total outsloping,is
warrantedon mid-sloperoads.Lower hillslope roads,which were built on the steepestopographyin the
catchmentgxhibitedthe highesterosionrates,no matterwhich treatmentwasused.It is interestingto note
that the most intensive treatmentmethod (export outsloping) was associatedwvith the highestsediment
deliveryto streamdrom roadreachesn lower hillslope positions.

The expectatiorof the roadrehabilitationprogrammehadbeenthatthe moreintensivethe treatmentthe
less post-treatmenterosion would occur. Neverthelessthis result of high erosionrates should not be
automatically interpretedas a generalfailure of the technique.Professionaljudgementis used when
restorationtreatmentsare formulatedfor a given road reach.Park staff who prescribecthe high intensity
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treatmentbof exportoutslopingrecognizedsomeinherentinstability of the roadreach,basedon evidenceof
past massmovement,the presenceof seepsin the cutbanks,incipient failure of the road bench, etc.
Consequentlytheseroadreachesvereamongthe mostunstableevenbeforeroadtreatmentsvereapplied,
andso might be expectedo erodemorefollowing anytype of treatmentOn the otherhand,becausanore
land areais disturbedusingthis treatmenimethod,andthe capacityof theroadbenchto storematerialfrom
cutbankfailuresis eliminated,it may be that the treatmentallows for greatersedimentdelivery thanother
treatmentsA closerexaminatiorof the conditionsunderwhich exportoutslopedoadreachegail anddeliver
sediments necessaryo distinguishthe causalmechanism.

Roadrehabilitationefforts following roadconstructionin steepJower slopepositionshavea high failure
rateandcontributemuchsedimento streamsho matterwhattypeof treatmenis used(Tablelll). If sediment
reductionfrom roadsis the objectivein a catchmenttheseobservationsuggestthe needto avoid road
construction(or improveroad constructiontechniques)n thesesteep,streamsideareasNot only arethese
likely spotsfor erosionwhile the roadis in place,but also subsequentreatmentof the road may not be
effectivein eliminatingroad-relatedsedimentproduction.

BASIN-WIDE PERSPECTIVEOF SEDIMENT PRODUCTION

No direct measurementsf sedimentyield from treatedroadsduring the 1997 storm are available.The

numbergrom thisinventorycanberoughlycomparedvith measurementmadeat the gaugingstationatthe

mouthof RedwoodCreek(drainagearea= 720km?). The total sedimentoad for water-yearsl978to 1998

wasabout13 600000 Mg. The inventoryof 61 km of treatedroadsshoweda contributionof 29 500m? of

sedimento streamg480m?® perkm of treatedroad)duringthis sameperiod.If therandomlysampledoads
arerepresentativef all treatedroads andthisrateis appliedto theentire300km of treatedroadsin Redwood
NationalPark,144000m? of sedimenprobablyenteredstreamdrom treatedroads.Consequentlysediment
yield from treatedroadsrepresents contributionof about233000Mg to thebasin’ssedimentoad(assuming
abulk densityof 1.62g cm™3), which constitutedessthan?2 per centof the total load of RedwoodCreekat

Orick duringthis period.Of the sedimentontributedirom treatedroads someof the coarseparticleseroded
from theroadfill weretransportedasbedload somebroketo suspendedizeparticlesduringtransportand

somesedimentwastemporarilystoredin small streamchannelshut little is known aboutthe specificsof

sedimentrouting throughthesesteep Jow-orderchannels.

Without treatmentroadshavesomepotentialto eventuallyfail andcontributesedimento streamsBased
on aninventoryof 330km of untreatedroadsin nearbybasins,Weaverand Hagang(1999) estimatedpast
road-relatedsedimentdelivery to be 720m®km™~* of road, and future potential sedimentdelivery without
road treatmentto be an additional820m®km™?, for a total of 1540m° km~?. In a similar study basedon
140km of untreated-oadsin the RedwoodCreekcatchmen{(G. J. BundrosandB. R Hill, unpublishediata,
1997)pastandpotentialsedimentdelivery from roadswasreportedto be 1450m* km ™. Untreatedroadsin
the GarrettCreekcatchmenproducednuchmoresedimen(4670m® km~1)), mostof which originatedfrom
debristorrentscausecby streamdiversions(Bestet al., 1995).By removingculvertsandrestoringnatural
drainagepatternsparkstaffhaveremovedherisk of streamdiversionghatwould causesuchdebristorrents.
Noneof the 207 excavatedtrossingexaminedn this studyhaddiversionsor debristorrentsrelatedto road
treatmentThesedifferentlinesof evidencesuggesthat,althoughroadrestoratiorin Redwood\ationalPark
did not completelypreventsedimentproductionfrom removedroads,it doessubstantiallyreducethe long-
term sedimentisk from abandonedoads.

In contrastto the roadinventoriesdescribedabove,a recentstudyby Rice (1999);alsoconductedn the
RedwoodCreekbasin, reportsan erosionrate of only 176m*km~* of untreatedogging road during the
period1995to 1997.Thehillslope positionof thesesampledoadplotswasnotreported Theroadsin Rice’s
studyareawereonly subjectedo a rainfall eventof lessthanfive-yearreturninterval, basedon rain gauge
recordsat RedwoodCreeknearBlue Lake andat LacksCreek.Undertheserelatively low rainfall intensity
storms,few culvertsfailed, asmight be expected Most road-relatecerosionin the pasthasbeenlinked to
culvertfailures,diversionsandlandslideshat occurredduring high intensityrainfall eventslt is likely that
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the erosionratereportedby Rice (1999)doesnot representhe full erosionpotentialfrom untreatedoadsif
theseroadsunderwenta high intensityrainfall event.

CONCLUSIONS

Post-treatmenerosionof both streamcrossingsand road reachedollowing removal of forestroadswas
highly variable.On averagetreatedroadscontributed480m? of sedimento streamsperkilometreof road,
whichwasaboutone-quartethe sedimenproducedrom untreatedoads.Only 20 percentof theexcavated
streamcrossingsaccountedor 73 percentof the post-treatmengrosionfrom crossingsin streamcrossings,
two variables(a surrogatefor streampower[drainageareax channelgradient]andthe amountof roadfill
excavatedrom thestreancrossingduringtreatmentweresignificantin the bestfit modelfor post-treatment
erosion.

Almost 80 per centof the treatedroad reachead no detectablesrosionfollowing a 12-yearrecurrence
intervalstorm.Eventhoughmosttreatmensiteswereheavilyvegetatedvithin afew yearsof treatmentroad
fill failuresstill occurredon 20 percentof theroadreachesHillslope positionwasanimportantvariablein
explainingpost-treatmengrosionof roadreachesRoadreacheshatexhibitederosionalproblemsveremost
commonlyfound on steep,lower hillslopesand both minimal (ripping and draining) and more intensive
(export outsloping)road treatmentson lower hillslope roadsresultedin high sedimentyields to streams
(660m3km™* of treatedroad). In contrast,on more gentle, upper hillslope positions,all treatmentstyles
workedwell andsedimenteliveryrateswereonly aboutl0Om?® km™* of treatedroad.By eliminatingtherisk
of streamdiversionsand culvert failures, road treatmentssignificantly reducethe long-termsedimentrisk
from abandonedoads.

Adaptiveland managemerinvolvesmonitoringthe effectsof managemenrdctivities,andmodifying land
managemerdapproacheandtechniquedasedn whatis foundto be effective. The resultsof this studycan
be usedin an adaptivemanagemenstrategyto guide future road removalwork in the mostcost-effective
manner.The assessmermiresentecherecanalso serveas a frameworkfor evaluatingthe succesof other
restorationprogrammesAlthough erosionratesmeasuredn this studyare specificto the site conditionsof
theRedwoodCreekcatchmentthis approacttanbeadaptedo otherregions.Acceleratecerosionratesarea
widespreadproblemin many regionsof the world, and road treatmentscan be effective in significantly
reducingsedimentyields from abandonedoads.
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