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ABSTRACT

Managed baselevel lowering in tributaries that emerge from small canyons onto forested floodplains affects floodplain and
fan sediment storage and small ephemeral tributary channel morphology in the Navarro River basin, Mendocino Country,
California, USA. Numerous small tributaries (drainage areas up to several square kilometres) flow through culverts under
Highway128across the forested floodplain of the NavarroRiver and one of its major tributaries, the NorthFork.Excavation
significantly deepened and widened these small tributaries upstream and downstream of culverts under the highway
following the 1997 flood (recurrence interval 12 years), that inundated both the floodplain and the highway and culvert
system. The excavation lowered the local baselevel of the tributary systems within the floodplain. This field study
documents the effect of the lowered baselevel on floodplain and fan sediment storage and ephemeral tributary channel
morphology. Excavation created defined channels in the floodplain where no channels previously existed. Additionally, the
excavation and baselevel change created steps, or knickpoints, that migrated headward and incised the upstream tributary
channels. Tributary incision decreases the sediment storage potential of the fan and floodplain and reduces the residence
time for storage of fine sediment. A reduction in fine sediment residence time degrades downstream habitat for anadromous
fish and other aquatic organisms in the Navarro River. Large wood influences floodplain and small tributary channel
morphology by forming steps and increases sediment residence time by trapping sediment in forested tributary–fan–
floodplain systems. Although this field investigation is specific to the Navarro River basin, our findings linking culvert
maintenance excavation to geomorphic processes may be extended to other roads on forested floodplains in the Pacific
Northwest or other systems with roads on floodplains. Copyright# 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

The Navarro River in Mendocino County, California, enters the Pacific Ocean 32 km south of the town of
Mendocino (Figure 1). Steep tributary canyons and hillslopes typical of northwest California result in high
natural erosion rates. Land uses in the basin such as logging, agriculture, rural residential development,
grazing, and water diversions have accelerated historic erosion rates and have degraded habitat for
anadromous fish such as coho salmon and steelhead trout (Florsheimet al., 1998; Division of Water Rights,
1998; Entrixet al., 1998).

While numerous studies document the link between roads, increased flow and sediment production related
to slides, gullies, road surface erosion and culvert failure in steep and forested areas (Reid and Dunne, 1984;
Hagans and Weaver, 1987; Montgomery, 1994; Bestet al., 1995; Weaveret al., 1995; Wempleet al., 1996;
Furniss et al., 1999), there have been no studies specifically documenting the link between culvert
maintenance excavation and geomorphic processes on forested floodplains. This study investigates the effect
of local baselevel lowering caused by highway culvert maintenance on floodplain and fan sediment storage
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andephemeraltributarychannelmorphologyin theNavarroRiverbasin.Baselevelis theelevationto whicha
fluvial systemcan erode(Schumm,1993). In this paper,we define a ‘managedbaselevel’changeas the
baselevellowering dueto highwayculvert maintenanceactivities.We describethe effectsof the managed
baselevellowering on sedimentstorageand residencetime and discussthe potentialeffectson physical
habitatin thedownstreamfluvial system.

Floodplainfansstoresedimentdepositedonfloodplainsatthemouthof smallephemeraltributarycanyons,
andprovideabufferbetweenhillslopesedimentsourcesandmainchannelaquatichabitat.Fielddatafor this
investigation,collectedfrom threetributary–fan–floodplainsystemsin the NavarroRiver basin,providea
comparisonof the morphologyandresponseof two studysiteson the North Fork NavarroRiver that are
influencedby StateHighway 128 to onesite on the main stemNavarroRiver that is not affectedby the
highway.The comparisonprovidesinsight to the effectsof a managedbaselevelchangeon geomorphic
processessuchas:(1) headwardincisionupstreamof theexcavation;and(2) thecreationof adefinedchannel
in portionsof the floodplain thatwould not otherwisecontainchannels.

This study reports data for three ephemeraltributary systemsin the Navarro basin; however, field
reconnaissancesuggeststhat maintenanceof numeroussmall tributary crossingsinducessimilar responses
elsewhereon theNorthForkandNavarroRiver floodplains.Resultsof thiswork providedatathatconstitute
anelementof theoverall sedimentbudgetof theNavarrobasin.Thesefindingsmayaid in developmentof
highwaymanagementpracticesthat minimize geomorphicimpactsto floodplain andchannelmorphology
andaquatichabitatin theNavarroandotherwatershedsthroughoutthePacific Northwestor othersystems
whereroadson floodplainscrosssmall tributarydrainages.

Conceptualmodelof effectof managedbaselevelchangeon tributary–fan–floodplain sedimentresidence
time

In order to illustrate the tributary–fan–floodplain system,we presenta conceptualmodeldescribingthe
effect of managedbaselevelchangedue to culvert maintenanceexcavationon headcuttingand sediment
residencetime in the tributary–fan–floodplainsystems(Figure 2). In a natural tributary–fan–floodplain

Figure1.Locationof NavarroRiverbasin,California,its maintributaries,thethreestudysites,andtheUSGSgaugingstation.Relief in
the basinrangesfrom sealevel at the mouthto 11190m at thebasindivide
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system,flow emergesfrom a canyonandflows throughtheupperfan in a definedchannel(Figure2a).The
flow splits into distributarychannels,andthenaschannelsdisappearat the distal marginof the lower fan,
flow infiltrates into thefan andfloodplainsedimentandcontinuestowardthemainchannelasgroundwater.
In thiscase,thefanandfloodplainsedimentstoragefunctionis intactandthefloodplainfanbufferstheinput
of sedimentfrom the tributary. In contrast,a tributary–fan–floodplain systemthat is crossedby a road is
influencedby culvert maintenanceexcavationthat lowers the baselevelof the systemto a new lower
elevation(Figure2b). In this case,theheadwardmigrationof thestepandincision lowersthe tributarybed
elevationupstreamof the excavatedreach.Maintenanceexcavationdownstreamof the roadconnectsthe
main channelto the incisedtributary upstream,bypassingthe sedimentstoragepotentialandreducingthe
residencetime of sedimentin the fan andfloodplain system.

STUDY AREA AND METHODS

The Navarro River drains 785km2 in the Coast Rangesin Mendocino County, California (Figure 1).
Precipitationin thebasinis highly seasonal,falling primarily betweenOctoberandApril, typical of thewet
Mediterranean-type climate of north coastalCalifornia (Muhs et al., 1987). Large storms, floods and
sedimenttransportprocessesareepisodic.TheNorthForkNavarroRiver (drainagearea190km2) is themost
downstreamtributary of significantsizeto join theNavarroRiver.

StateHighway128follows thenarrowforestedfloodplainalongthelowergradientportionof theNavarro
River andthe North Fork. The highwayis raisedup to 1 m on fill abovethe elevationof the surrounding
floodplainandcrossesnumeroussmallephemeraltributariesthat flow nearlyperpendicularto theroad.All
floodplainflow is concentratedtowardsculvertsthatconveywaterunderthehighwayandperiodictributary
excavationis requiredto maintaintheculvertsfreeof sedimentandto facilitatefloodplaindrainage.Themost
recentexcavationsoccurredfollowing the winter of 1997 in all of the tributary channelsimmediately
upstreamand downstreamof the culverts when tributarieswere both deepenedand widenedas part of
highway maintenanceoperationsalong the North Fork and lower Navarro River (ReneePasquinelli,

Figure2. Conceptualmodelillustrating theeffectof headcuttingon sedimentresidencetime in thetributary–fan–floodplainsystems:
(a) a naturaltributary–fan–floodplainsystem;(b) a tributary–fan–floodplainsystemthat is crossedby a highway
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CaliforniaStateParks,personalcommunication,1998).TheJanuary1997flood hada recurrenceintervalof
about12 yearsat theUSGSgaugingstationNavarroRiver nearNavarro(number11468000;seeFigure1).
During the flood, flow inundatedthe floodplain and Highway 128, depositingboth sedimentand woody
debris.Maintenanceexcavationfollowing the 1997 flood lowered the tributary’s thalwegsto the same

Figure3. Mapsof studysitesconstructedusinga tapeandcompasswerepreparedin the field at a scaleof 1 inch= 5 m; (a) Sisters’
Gulch,HendyWoodsStatePark;(b) Lost Gulch MP 9�94, NavarroRedwoodsStatePark;(c) Buried Log Gulch MP 8�86, Navarro
RedwoodsStatePark.Tributariesexit canyons,andsplit into distributarychannelsonfans.Excavatedchannelsupanddownstreamof

Highway128concentrateflow andsedimentin a definedchannelthat flows to theNorth Fork
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elevationasthebaseof theculverts,a few metresbelowtheelevationof thesurroundingfloodplainsurface.
Sedimentexcavatedfrom thesetributarieswas placedadjacentto their channelson the floodplain of the
North Fork NavarroRiver.

Studysites

Threeforestedfloodplainstudysites(Figure1) wereselectedfor detailedinvestigationin orderto compare
thegeomorphicconditionson tributary–fan–floodplain systemswith andwithout the influenceof Highway
128 (Florsheimet al., 1998).The studysite selectedin HendyWoodsStateParkon the southwesternside
of the main stemof the NavarroRiver in the lower AndersonValley is not affectedby Highway 128. In
contrast,the two sites in NavarroRedwoodsStatePark on the northeasternside of the North Fork are

Figure3. (c)

Copyright# 2001JohnWiley & Sons,Ltd. Earth Surf.Process.Landforms26, 219–232(2001)

EFFECTOF BASELEVEL CHANGE ON FLOODPLAIN FANS 223



influencedby thehighwayandthemanagedbaselevelloweringresultingfrom highwayculvertmaintenance
activities.

At HendyWoodsStatePark,an old-growthforestdominatesthe floodplain andfan system.We call an
unnamedtributary that flows northeastfrom GreenwoodRidge to the Navarro River ‘Sisters’ Gulch’
(drainagearea0�6 km2). Sisters’Gulchhasinciseda narrowcanyonthroughFranciscansandstoneandshale
andQuaternaryriver terracedeposits.Thesite is oneof severalsmall tributariesdrainingGreenwoodRidge
that createsmall fanswherethecanyonsmeetthe forestedfloodplain of theNavarroRiver.

At NavarroRedwoodsStatePark,StateHighway 128 crossesseveraltributary–fan–floodplain systems.
This narrowfloodplainwasloggedasearlyas1860,andtheexistingsecondandthird growthforestis 50 to
150yearsold. The two studysitescrossedby Highway128aresimilar to numerousothersmall tributaries
thatflow southwardfrom NavarroRidgetowardtheNorthForkwhichhaveincisedcanyonsinto Franciscan
assemblagesandstoneandshale.In this study,we call the unnamedtributary at StateHighway Mile Post
(MP) 9�94 ‘Lost Gulch’ (drainagearea0�3 km2), andwe call the tributary at MP 8�86 ‘Buried Log Gulch’
(drainageareas0�5 km2).

Methodto calculatesedimentproduction

Thetotal volumetricsedimentproductionrate(qt) resultingfrom maintenancepractices,wheretributaries
crossthefloodplainandflow throughculvertsunderthehighway,maybequantifiedasthesumof tributary
sedimenterosionratesdueto: (1) headcuttingupstreamof theexcavation(qh); and(2) erosionof excavated
materialplacedonthefloodplainadjacentto thetributary’sexcavatedchannel(qe). Thesedimentproduction
ratefrom headwardincisionresultingfrom culvertmaintenanceexcavationfrom all of thetributariesthatare
crossedby Highway128 is:

qh � 1=Dt
Xn

i�1

�Vh�i �1�

wheren is thenumberof tributaries,Dt is thetimeinterval(takenasoneyearin thepresentstudy),and(Vh)i is
thevolumeof sedimentproduceddueto headcuttingatanindividual tributary.Thesedimentproductionrate
dueto scourof materialplacedon thefloodplainadjacentto eachtributarychannelexcavatedupstreamand
downstreamof thehighwayis:

qe � 1=Dt
Xn

i�1

�Ve�i �2�

where(Ve)i is thevolumeof sedimentproduceddueto scourof excavatedmaterialateachtributary.Thesum
of theseratesprovidesan estimateof the total volumetricsedimentproductionrate from highwayculvert
maintenancepractices:

qt � qh� qe � 1=Dt
Xn

i�1

�Vh � Ve�i �3�

where lateral sedimentinput due to bank erosionassociatedwith headcuttingis neglected.The actual
sedimentproductionratewouldbehighly variablefrom yearto yeardueto theepisodicsedimenterosionand
transportprocessesin the Navarro basin.The total volumetric sedimentproductionrate resulting from
maintenancepracticesat floodplainculvertsmaybesmallrelativeto thetotalsedimentbudgetof theNavarro
basin.However,thesepracticesreleasesilt andincreasetherateof fine sedimentcontributedto mainchannel
aquatichabitat.Silt thatwould havebeenstoredfor longerperiodsof time in off-channelstoragesitesmay

Copyright# 2001JohnWiley & Sons,Ltd. Earth Surf.Process.Landforms26, 219–232(2001)

224 J. L. FLORSHEIM ET AL.



Figure4. Cross-sectionsat studysitessurveyedusinganautomaticlevel: (a)Sisters’Gulch,HendyWoodsStatePark;(b) LostGulch
MP 9�94, NavarroRedwoodsStatePark;(c) BuriedLog GulchMP 8�86, NavarroRedwoodsStatePark,showingnarrowchannelin
canyonandupperfan,relativelyshallowwidechannelacrosslowerfan,andanenlargeddeepandwideexcavatedchanneldownstream

of Highway128 in theportion of the floodplain that would not normally containchannels
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havedeleteriouseffectson alreadydegradedaquatichabitat.Our field investigationquantifiesqt for two
floodplain fan systemsin theNorth Fork basinovera oneyearperiod.

RESULTSAND ANALYSIS

Morphologyof tributary–fan–floodplainsystems

Themorphologyof theSisters’tributary–fan–floodplainsystemonthemainNavarroRiveratHendyWoods
StateParkis notaffectedby Highway128(Figure3a).Thetributaryemergesfrom thecanyonandformsafan
onthefloodplainwheresedimenttransportedin bothfluvial anddebrisflows is deposited.Themaintributary
andsecondaryandabandoneddistributarychannelsdisappearwherethelower fanandthefloodplainmerge.
Cross-sectionssurveyedacrossthe tributary in the canyonandupperfan showa singlechannel,while the
cross-sectionsurveyedacrossthe lower fan illustratestwo distributarychannels(Figure 4a). There is no
continuousdefinedchannelacrossthe floodplain that connectsthe tributary to the main channelof the
NavarroRiver. In thecanyon,tributarymorphologyconsistsof step–poolsequences,wherestepsform over
redwoodroots,fallenbranchesandlogs,bouldersor irregularitiesin bedrock.Averagestepheight(measured
from the baseof the plungepool to the top edgeof the step)on the fan andin the canyon,formedwhere
redwoodrootsor debriscrossthechannel,arepresentedin TableI.

The two studysitesin NavarroRedwoodsStateParkcrossedby StateHighway 128 – Lost Gulch and
BuriedLog Gulch– wereselectedto illustratetributary–fan–floodplain systemswheregeomorphicprocesses
areaffectedby thehighway.Thetributaryandfan morphologyat bothsitesis similar to thenaturalSisters’
systemin the canyonand upperfan reaches;however,the lower fan and floodplain reachesdiffer in the
following way. Excavationof the tributary upstreamanddownstreamof culvertsunderHighway 128 has
loweredthelocalbaselevelto theelevationof thebaseof theculverts.Theextentof excavationwasidentified
by noting the presenceof heavyequipment(Bobcat2) shovelmarksin the silty floodplain sediment.The
excavationcreateda deepenedand widened channel and initiated formation of a step and upstream
headcutting,resulting in a definedchannelthat connectsthe tributary to the North Fork NavarroRiver.
Geomorphicmaps of Lost Gulch and Buried Log Gulch show that thesetributaries are extendedby
excavationacrossthefloodplainandconnectedto theNorthFork(Figure3bandc), in contrastto theSisters’
systemwherethetributaryterminatesneartheboundarybetweenthelowerfanandfloodplain.Cross-sections
of thenarrowtributariesin thecanyonsandin upperfanreachesatLostGulchandatBuriedLog Gulchshow
that the tributariesare shallower in the lower fan and significantly deeperand wider in the excavated
floodplain reaches(Figure4b andc), againin contrastto theundisturbedSisters’system,wherethereis no
definedchannelin the floodplain.

At bothstudysitesaffectedby thehighway,incisionextendsupstreamfrom theexcavatedreachandforms
oneor moreknickpoints,or steps.The morphologyof the excavatedreachesis characterizedby a primary
stepthatmigratesupstreamof theexcavation(TableII). At Lost Gulch,in additionto theprimarystep,the

Table I. Comparisonof primary stepheightdueto headwardincision to othersteps

Averagestepheight

Primarystep
Canyon Floodplain–Fan*

Studysite height(m) (m) n† (m) n†

Sisters’Gulch NA 0�23 3 0�29 7
Lost Gulch 0�62 0�47 8 0�15 9
BuriedLog Gulch 0�40 0�90 2 0�17 15

* Excludingprimarystep
† Numberof steps
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tributaryhasformedaseriesof stepsupstreamof theexcavation,andincisionextendsupstreamto thelower
fan. At BuriedLog Gulch, theprimary stepis headcuttinginto theabandonedlogging roadwherethe road
materialconsistsof gravel,fine sandandsilt. At LostGulch,35percentof thechangein elevationassociated
with stepson the floodplain fan is accountedfor by theprimarystep,which is aboutfour timestheaverage
stepheight.At BuriedLog Gulch15 percentis accountedfor by theprimarystep,which is about2�4 times
theaveragestepheight.Datacomparingprimarystepheightdueto headwardincisionto othersteps,mostly
relatedto woodydebris,arereportedin TableI.

Fallenredwoodlogs,branchesandstumps,aswell aslarge-diameterliving redwoodtrees,affectsediment
storageon the fan and floodplain at the study sites primarily by stabilizing stepsin the tributary and
distributarychannelson thefan andby actingasdamsthatstoresediment.Theabundanceof recentlyfallen
treesandlargebrancheslying perpendicularto thetributaryandacrossotherportionsof thefanatBuriedLog
Gulchmaystabilizethegradeandreducethe future rateof headwardincision.

Sedimentproductiondueto baselevelchangeandculvertmaintenanceexcavation

Themagnitudeanddurationof sediment-transporting flow in theephemeraltributariesinfluencestherate
of headwardmigrationof incision.During the winter of 1998–1999,the durationof flow in the ungauged
ephemeraltributaries was approximatelyfive months.After May 1999, we observedthat the surface
componentof flow did not extendbeyondthe upperfan portion of the tributary–fan–floodplain systemsas
waterfrom thetributariesinfiltrated into thefan–floodplainsediment.In thelaterpartof thewetseason,flow
wasdiscontinuous,flowing in poolsanddeeperportionsof thetributary,anddisappearingunderalluvium in
theshallowerpartsof thechannelanddistal portionsof the fans.

At Lost Gulch(Figure5a),therewasno migrationof thestep,probablybecausethedurationof flow was
not long enoughto significantly erodethe fine-grainedunconsolidatedfloodplain sediment,thus Vh = 0.
However,thelocalsteepeningof thebedslopeassociatedwith therecentexcavationdid leadto deepeningof
theplungepooldownstreamof thestepby about0�1 m duringthefive monthperiod.As notedby Leopoldet
al. (1964),the formationof a plungepool downstreamof a stepcancontributeboth to erosionat the base
of the step and to downstreamremoval of the erodedsediment,both of which are prerequisitesfor
headcutting.

At BuriedLog Gulch,thestepmigratedupstreamabout1�5 m (Figure5b).Theapparentretreatrate,given
asDx/Dt, whereDx is migrationdistanceandDt is aoneyeartimeperiod,is 1�5 m aÿ1. Thiscorrespondsto a
volumetricsedimentproductionrate,Vh/Dt dueto theheadwardmigrationof thestepof 0�9 m3 aÿ1 (whereVh

is calculatedastheproductof stepheight(0�4 m), channelwidth at thestep(1�5 m) andmigrationdistance
(1�5 m)). In additionto theheadcutting,therewasa deepeningof theplungepool by about0�1 m, similar to
theamountat Lost Gulch.Depositionof sedimentimmediatelydownstreamof theplungepoolaggradedthe

Table II. Morphologyof the excavatedreaches

Culvert
Upstreamexcavation Primarystepcharacter Downstreamexcavation

width� height Width Depth,d* Length Stepheight,H StepH/d† Width Depth* Length
Studysite (m) (m) (m) (m) (m) (m/m) (m) (m) (m)

Lost Gulch 1�2� 0�6 3�3 1�6 5�7 0�6 0�6 4�1 2�1 23�9
BuriedLog
Gulch 0�9� 0�6 3�5 1�2 16�4 0�4 0�5 3�3 2�1 68�3
* Depthfromedgeof floodplainto thalwegmeasuredfromfloodplainsurfacebeyondexcavationdebrisplacedadjacentto
tributarychannel
†H/d isratioof stepheight,H, frombaseof plungepooltotopof stepin theupstreamexcavation,andd isdepthfromedgeof
floodplainto topof step
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channelin thelocationof theformerplungepoolupto about0�2 m. Anotherstepupstreamof theculvertwas
stabilizedby thepresenceof wood in thechannelanddid not move.

At LostGulch,Ve, theapproximatevolumeof materialexcavatedupstreamanddownstreamof Highway128,
is about235m3, andis about540m3 atBuriedLog Gulch.Thisvolumeof sediment,primarily composedof silt,
wasplacedon the floodplain adjacentto eachtributary channelwhereit maybe reworkedby future overbank
floodsfrom theNorthFork.However,thesedimentproductionrate,Ve/Dt, wasequalto zeroatbothsitesduring
thewinter of 1998/99,sincetherewasno overbankflow from theNorth Fork.UsingEquation3 to quantify the
totalsedimentproductionratefrom thetwo studysites(n = 2) overtheoneyearperiodof studyyieldsqt = 0�9 m3

aÿ1. Becausegeomorphicprocessesin the Navarrobasinare episodic,further investigationis warrantedto
quantify the effectsof highwaymaintenancepracticesthroughoutthe basinover longertime intervals.

DISCUSSIONAND CONCLUSIONS

Highway maintenanceexcavationon the forestedfloodplain in the NavarroRiver basincreatesa lower
managedbaselevelthatinitiatesadjustmentof theupstreamlongitudinalprofile in ephemeraltributaries,and
altersthesedimentstoragecapabilityof thefloodplainandfloodplainfans.Resultsof thisstudydocumenting

Figure 5. Longitudinal profiles surveyedin autumn 1998 and spring 1999 showing step resulting from highway maintenance
excavationat: (a) Lost Gulch MP 9�94; (b) headwardincision at Buried Log GulchMP8�68

Copyright# 2001JohnWiley & Sons,Ltd. Earth Surf.Process.Landforms26, 219–232(2001)

228 J. L. FLORSHEIM ET AL.



the role of culvert maintenanceexcavationalong Highway 128 suggestthat the lowering of the local
baselevelto theelevationof thebaseof theculvertalteredgeomorphicprocessesandmorphologyin forested
tributary–fan–floodplain systemsin two significantways:(1) theexcavationinitiatesheadwardmigrationof
incision that may transforma depositionalsysteminto an erosionalsystem;and (2) the excavationalters
channelmorphologyof thetributaryby creatingarelativelydeepandwidedefinedchannelin aportionof the
floodplainthatwouldnototherwisecontainchannels,providingrapidconveyanceof flow andsedimentfrom
tributariesto themainchannel.Themanagementimplicationsof thesegeomorphiceffectsarerelatedto the
reductionof tributary–fan–floodplainsedimentationstoragevolume and residencetime and the potential
impactsof increasedfine sedimentsupplyto downstreamhabitat.

Baselevelloweringandheadwardmigrationof incision

Culvert maintenanceexcavationis intendedto keepthe culvert entrancesandexits free of sedimentand
woodydebrisandto speeddrainageof the floodplain following floods.The local baselevelof eachsystem
crossedby Highway 128 is changedto a new elevationcorrespondingto the elevationof the baseof the
culvert. In effect, maintenanceexcavationcreatesa managedbaselevelthat could changeif management
practiceschanged,or if maintenancedoesnot regularly removeaccumulatedsediment.For example,if
periodicexcavationceased,the small tributary upstreamof eachculvert could fill in with sedimentto the
elevationof thesurfaceof thefloodplain(or eventheroadsurface),assumingsufficientsedimentsupply.The
configurationwould thenbesimilar to thatat Sisters’Gulch,thelikely naturalstateof thesystem,wherethe
distal endof the fan surfacemergedwith theNorth Fork floodplain sedimentandwaterinfiltrated into the
sedimentandflowedasgroundwatertowardsthemainchannel.As longasperiodicmaintenanceexcavation
is conductedto maintain the lower managedbaselevelat the elevationof the baseof the culvert, the
geomorphicresponseof theupstreamsystemis likely to beincision,despitethevariability in sedimentsupply
from upstream.For example,a debrisflow from thetributary thatdepositssedimenton thefan couldfill an
incisedchannelanddivert flow to anewcourseonthefan.However,flow will eventuallybedivertedtowards
existingculverts,andas long asperiodicexcavationto the elevationof the baseof the culvert continues,
headcuttingandupstreamincision arelikely to follow.

Theresponseof thesystemto thebaselevelchangedependson severalfactorsincludingtherate,amount
anddirectionof the baselevelchange(Schumm,1993)aswell ason the erodibility of the floodplain and
tributarysourceareas.Theexcavationat Lost GulchandBuriedLog Gulchcreatedsignificantstepswith an
abruptchangein slopebetweentheupstreamchannelandtheexcavatedreach.In non-cohesivesedimentsuch
asin theNorthForkfloodplain–fansystems,thesestepsarelikely to flattenaserosionmigratesheadwardand
lowerstheentireprofile equalto theamountof the initial loweringof thebed,asobservedin otheralluvial
systemsandflumestudies(LeopoldandMiller, 1956;BrushandWolman,1960;Pickup,1975;Begin,1978;
Beginetal., 1981).Overtime,therewill beaprogressivereductionin slopeupstreamof theheadcut,andthe
longitudinalprofile of thetributarywill changeassedimentis erodedupstreamof thestep,wherethevelocity
andshearstressaregreatest,anddepositeddownstreamof thestep.Therateof longitudinalprofile changeon
thefan andfloodplainwill dependon parameterssuchasthefuturesedimentsupply,transportrate,andthe
characterof theupstreambedandbankmaterial(BrushandWolman,1960;Begin,1978;Beginet al., 1981;
Gardner,1983)aswell ason non-fluvial elements,suchaslargewoodthatmaylocally stabilizethebed.In
theNavarrobasin,wheresedimentsupplyandtransportprocessesareepisodicandhighly variable,andwhere
the fan–floodplainsedimentdepositsarenot homogeneous,headcutmigrationis alsolikely to beepisodic.
The longitudinalprofile evolutionmay alsobe variable,steepeningandflattening in responseboth to the
headwardmigrationof incisionandthesedimentsupplyfrom upstream(Wolman,1987).An increasein bed
width anda reductionin the steepnessof channelbanksis likely asincision proceedsupstreamin alluvial
streamsrespondingto baselevellowering(Pickup,1975,1977).Furtherupstream,in thebedrockportionof
the tributary, continuedheadcuttingof incision will dependon the sedimentsupply, transportcapacity,
erodibility of thebedrock,grainsize,andonexcessshearstressneededto alterthelongitudinalprofile (Sklar
andDietrich, 1998).
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Equation3 providesa methodto estimatethe total sedimentproduction from highway maintenance
activities,onecomponentof thebasin’ssedimentbudget.Overthelongterm,qt wouldbecompoundedby the
volumeof tributarysedimentthatis transporteddirectlyfrom tributarycanyonsto themainchannelasaresult
of headwardmigrationof incisionupstreamof thehighwayandthelossof sedimentstoragecapabilityof the
floodplainandfloodplainfans.Althoughthevolumeof lost storageassociatedwith anindividual floodplain
fan may be small, the cumulativeeffect of lost storageand increasedproductionof silt resulting from
maintenanceat everyculvert is likely to further degradeaquatichabitatin themain channels.

Future geomorphicprocessesactive in the modified systemwill dependon the sedimentsupply and
transportrate,andflow magnitudeanddurationin theephemeraltributariesandin the main river channel.
The hydrologic characterof the ephemeraltributariesinvestigatedin this study suggeststhat there is an
intermediaterangeof climatic eventsrequiredto initiate headcuttingand incision in the floodplain fan
systems.At the lower limit, rainfall must at leastexceeda thresholdto generaterunoff in the ephemeral
tributaries.At the upper limit, runoff from the North Fork must be lower than that which inundatesthe
highwayandculvert system.

Finally, the rateof headcuttingwill dependon thepresenceof non-fluvial elements,suchaslargewood,
thatretardtheprocessesandincreasesedimentresidencetime in theforestedfansandfloodplains.Resultsof
thisstudysuggestthatlargewoodpresentasfallen logs,branchesandstumps,aswell aslarge-diameterliving
redwoodtrees,affectssedimentstorageon the fan andfloodplainat the threestudysitesby diverting flow,
stabilizing stepsin the tributary and distributary channelson the fan, and by acting as damsthat store
sediment.Large redwoodlogs fallen acrossthe tributary at Buried Log Gulch may retard the headward
migration of the main stepupstreamof the managedbaselevelchangeand may ultimately minimize the
incision causedby baselevellowering at this site. In contrast,the position of wood at Lost Gulch that is
parallelto ratherthanperpendicularto themaintributarychannelin the lower fan will allow headcuttingto
occur.

Managementimplications

Resultsof this studysuggestthat the influenceof roadmaintenanceexcavationextendsto floodplainand
fan areasspatially removedfrom the road.As incision migratesupstream,it could eventuallyconnectthe
tributary canyonsand the entrenchedupperportion of the fans to the main channelof the North Fork,
providing a conduit for the rapid transportof sedimentto the aquaticecosystemof the North Fork andthe
Navarro River and bypassingthe sedimentstoragefunction of the fan–floodplainsystem.Additionally,
excavatedsilt placedon the floodplain next to channelscould be easily mobilized by flood flows that
inundatethefloodplain,andprovidea sourceof fine sedimentto downstreamreachesof theNorth Fork and
NavarroRiver. Excessivefine sedimentaddedto theaquaticsystemcandegradefish habitatby infiltrating
into gravelbedmaterial(BeschtaandJackson,1978;Lisle, 1989)or by filling pools(Lisle andHilton, 1999).
Reductionin floodplain sedimentstoragedue to road maintenanceexcavationhas the greatestecologic
significanceduringsmallfloods,whenthereis asedimentandwaterflux from theephemeraltributariesto the
floodplain,andsedimentthatwashistorically storedon the floodplain is moreefficiently transportedto the
main river.

Highway128overliesvariousolder footpaths,andstagecoachandloggingroadsthatwerepresentin the
Navarrowatershedprior to automobileuse.Thus,road-relatedsedimentsourcesprobablyhavecontributed
sedimentto theNavarroRiverandits tributariesfor manydecades.Otherlandusesincludinglogging-related
activities, especially unmaintainedlogging roads and culvert crossingson steep hillslopes, probably
contributemuchmoresedimentto the NavarroRiver thanthe Highway 128 tributary maintenanceeffects
discussedin this paper.However, improved highway maintenanceand managementpracticescan help
improvealreadydegradedaquatichabitat.Managementpracticesthat could minimize the effect of culvert
maintenancealongHighway128on aquatichabitatincludethefollowing. First, raisingthehighwayhigher
abovetheelevationof thefloodplain,sothatculvertsunderthehighwayareplacedat theoriginalgradeof the
tributarystreambedor floodplain,ratherthanexcavatedlower thantheoriginal thalwegsothatmaintenance
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doesnot requireloweringthebaselevelof thesystem.Thiswouldbenefitwaterquality in theripariansystem
by maintainingtheexistingsedimentstoragecapabilityof thefloodplain–fans.Second,managinglargewood
onthefloodplainto retardheadcuttingupstreamof maintenanceexcavationcouldmaximizesedimentstorage
onthefloodplain–fans.Finally, realignmentof thehighwayoff thefloodplainto aformerroadlocationonthe
drainagedividethateliminatestheneedfor culvertexcavationmaintenancein fan–floodplainsystems,would
benefitwaterqualitysolongasthenewroadalignmentdid notcreatenewimpacts.Problemsassociatedwith
ridgetoproadssuchasconcentrationof drainage,initiation of landslides,andeventualintegrationof channel
androadnetworksareidentifiedby Montgomery(1994).Thus,thebenefitsof realignmentmustbeevaluated
in thecontextof geomorphicprocessesactivein theentirebasin.Thedatadescribedin thisstudycouldaid in
developingfloodplainmanagementandrestorationstrategiesthataccommodategeomorphicprocesseswhich
allow floodplain–fan–sedimentstorageandwhich createandsustainhabitatin theNavarroRiver or in other
basinswith forestedfloodplains.
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