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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
Highway 128 across the forested floodplain of the Navarro River and one of its major tributaries, the North Fork. 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. Copyrigl001 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 (Florshalni998; 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; Besi., 1995; Weaveet al, 1995; Wemplest al,, 1996;
Furnisset 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

* Correspondence to: J. L. Florsheim, Center for Integrated Watershed Science and Management, John Muir Institute of the
Environment, University of California, Davis, No. 183 Kerr Hall, One Shields Avenue, Davis, California 95616, USA. E-mail:
florsheim@geology.ucdavis.edu
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Figurel.Locationof NavarroRiverbasin,California,its maintributaries thethreestudysites,andthe USG Sgaugingstation.Reliefin
the basinrangesfrom sealevel at the mouthto 11190m at the basindivide

andephemeralributarychannelmorphologyin theNavarroRiverbasin.Baselevels theelevationto whicha

fluvial systemcan erode(Schumm,1993).In this paper,we define a ‘managedbaselevel’changeasthe

baselevelowering dueto highway culvert maintenancectivities. We describethe effectsof the managed
baselevellowering on sedimentstorageand residencetime and discussthe potential effects on physical

habitatin the downstreanfluvial system.

Floodplainfansstoresedimentiepositednfloodplainsatthe mouthof smallephemeratributarycanyons,
andprovidea buffer betweerhillslope sedimensourceandmainchannelquatichabitat.Field datafor this
investigation,collectedfrom threetributary—fan—floodplairsystemsn the NavarroRiver basin,provide a
comparisonof the morphologyandresponseof two study siteson the North Fork NavarroRiver that are
influencedby StateHighway 128 to one site on the main stemNavarroRiver that is not affectedby the
highway. The comparisonprovidesinsight to the effects of a managedaselevelchangeon geomorphic
processesuchas:(1) headwardncisionupstreanof theexcavationand(2) thecreationof adefinedchannel
in portionsof the floodplain that would not otherwisecontainchannels.

This study reports data for three ephemeraltributary systemsin the Navarro basin; however, field
reconnaissanceuggestshat maintenanceof numeroussmall tributary crossinganducessimilar responses
elsewherenthe North ForkandNavarroRiver floodplains.Resultsof thiswork providedatathatconstitute
an elementof the overall sedimentoudgetof the Navarrobasin.Thesefindings may aid in developmenbf
highway managemenpracticesthat minimize geomorphicimpactsto floodplain and channelmorphology
andaquatichabitatin the Navarroand otherwatershedshroughoutthe Pacific Northwestor othersystems
whereroadson floodplainscrosssmall tributary drainages.

Conceptualmodelof effectof managedbaselevelchangeon tributary—fan—floodplan sedimentresidence
time

In orderto illustrate the tributary—fan—floodplan systemwe presenta conceptuaimodel describingthe
effect of managedaselevelchangedue to culvert maintenanceexcavationon headcuttingand sediment
residencetime in the tributary—fan—floodplainsystems(Figure 2). In a natural tributary—fan—flooghlain

Copyright © 2001 JohnWiley & Sons,Ltd. Earth Surf. Process.Landforms26, 219-232(2001)
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Figure2. Conceptuamodelillustrating the effect of headcuttingon sedimentesidencdime in the tributary—fan—floodplairsystems:
(a) a naturaltributary—fan—floodplairsystem;(b) a tributary—fan—floodplairsystemthatis crosseddy a highway

system flow emergedrom a canyonandflows throughthe upperfan in a definedchannel(Figure2a). The
flow splitsinto distributarychannelsandthenaschanneldisappeat the distal margin of the lower fan,
flow infiltrates into the fan andfloodplain sedimentandcontinuesowardthe mainchannelasgroundwater.
In this casethefan andfloodplainsedimenstoragdunctionis intactandthe floodplainfan bufferstheinput
of sedimentfrom the tributary. In contrast,a tributary—fan—floodplan systemthatis crossecby a roadis
influenced by culvert maintenanceexcavationthat lowers the baselevelof the systemto a new lower
elevation(Figure2b). In this case the headwardmigrationof the stepandincision lowersthe tributary bed
elevationupstreamof the excavatedeach.Maintenanceexcavationdownstreanof the road connectsthe
main channelto the incisedtributary upstreampypassinghe sedimentstoragepotentialand reducingthe
residenceime of sedimenin the fan andfloodplain system.

STUDY AREA AND METHODS

The Navarro River drains 785km? in the CoastRangesin Mendocino County, California (Figure 1).
Precipitationin the basinis highly seasonalffalling primarily betweernOctoberandApril, typical of the wet
Mediterranean-typ climate of north coastal California (Muhs et al., 1987). Large storms, floods and
sedimentransporprocesseareepisodic. The North Fork NavarroRiver (drainageareal 90km?) is themost
downstreantributary of significantsizeto join the NavarroRiver.

StateHighway 128follows the narrowforestedfloodplainalongthelower gradientportion of the Navarro
River andthe North Fork. The highwayis raisedup to 1 m onfill abovethe elevationof the surrounding
floodplain andcrossesiumerousmall ephemeratributariesthatflow nearlyperpendiculato the road.All
floodplainflow is concentratedowardsculvertsthat conveywaterunderthe highwayandperiodictributary
excavatioris requiredto maintainthe culvertsfree of sedimentndto facilitatefloodplaindrainageThemost
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,
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Figure 3. Mapsof studysitesconstructedusinga tapeandcompassvere preparedn the field at a scaleof 1 inch=5m; (a) Sisters’
Gulch, Hendy WoodsStatePark; (b) Lost Gulch MP 9-94, NavarroRedwoodsStatePark; (c) Buried Log Gulch MP 8-86, Navarro
RedwoodsStatePark.Tributariesexit canyonsandsplit into distributarychannelson fans.Excavatecchannelsip anddownstreanof

Highway 128 concentratdlow andsedimentn a definedchannelthatflows to the North Fork

California StateParks personatommunication1998).The Januaryl997flood hada recurrencenterval of
aboutl?2 yearsat the USGSgaugingstationNavarroRiver nearNavarro(numberl1468000seeFigurel).
During the flood, flow inundatedthe floodplain and Highway 128, depositingboth sedimentand woody
debris. Maintenanceexcavationfollowing the 1997 flood lowered the tributary’s thalwegsto the same

Copyright © 2001 JohnWiley & Sons,Ltd. Earth Surf. Process.Landforms26, 219-232(2001)
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elevationasthe baseof the culverts,a few metresbelowthe elevationof the surroundingloodplain surface.
Sedimentexcavatedrom thesetributarieswas placedadjacentto their channelson the floodplain of the

North Fork NavarroRiver.

Studysites
Threeforestedloodplainstudysites(Figurel) wereselectedor detailedinvestigationin orderto compare

the geomorphicconditionson tributary—fan—flooghlain systemswith andwithout the influenceof Highway
128 (Florsheimet al., 1998).The studysite selectedn Hendy WoodsStateParkon the southwesterrside
of the main stemof the NavarroRiver in the lower AndersonValley is not affectedby Highway 128. In
contrast,the two sitesin Navarro RedwoodsState Park on the northeasterrside of the North Fork are

Copyright© 2001 JohnWiley & Sons,Ltd. Earth Surf. Process.Landforms26, 219-232(2001)
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influencedby the highwayandthe managedaseleveloweringresultingfrom highwayculvertmaintenance
activities.

At HendyWoodsStatePark, an old-growth forestdominateshe floodplain andfan system.We call an
unnamedtributary that flows northeastfrom GreenwoodRidge to the Navarro River ‘Sisters’ Gulch’
(drainagearea0-6 km?). Sisters’Gulch hasinciseda narrowcanyonthroughFranciscarsandston@andshale
andQuaternaryriver terracedepositsThe site is oneof severalsmalltributariesdraining GreenwoodRidge
that createsmall fanswherethe canyonsmeetthe forestedfloodplain of the NavarroRiver.

At NavarroRedwoodsStatePark, StateHighway 128 crossesseveraltributary—fan—floodplan systems.
This narrowfloodplainwasloggedasearly as1860,andthe existingsecondandthird growthforestis 50 to
150yearsold. The two studysitescrossediy Highway 128 are similar to numerousothersmall tributaries
thatflow southwardrom NavarroRidgetowardthe North Fork which haveincisedcanyonsnto Franciscan
assemblagsandstonend shale.In this study, we call the unnamedributary at StateHighway Mile Post
(MP) 9:94 ‘Lost Gulch’ (drainagearea0-3 km?), andwe call the tributary at MP 8-86 ‘Buried Log Gulch’
(drainageareas-5 km?).

Methodto calculatesedimenproduction

Thetotal volumetricsedimenfproductionrate(q;) resultingfrom maintenanc@racticeswheretributaries
crossthe floodplainandflow throughculvertsunderthe highway,may be quantifiedasthe sumof tributary
sedimenerosionratesdueto: (1) headcuttingupstreanof the excavation(q,); and(2) erosionof excavated
materialplacedon thefloodplainadjacento thetributary’sexcavatedhannelge). Thesedimenproduction
ratefrom headwardncisionresultingfrom culvertmaintenancexcavatiorfrom all of thetributariesthatare
crossedby Highway 128is:

= 1/At> (V) W
i=1

wheren is thenumberof tributaries At is thetime interval (takenasoneyearin thepresenstudy),and(V,); is
thevolumeof sedimenproduceddueto headcuttingat anindividual tributary. The sedimenproductionrate
dueto scourof materialplacedon the floodplain adjacento eachtributary channelexcavatedipstreanand
downstreanof the highwayis:

e = 1/At Z(Ve)i (2)
i—1

where(Vy); is thevolumeof sedimenproducediueto scourof excavatednaterialat eachtributary. Thesum
of theseratesprovidesan estimateof the total volumetric sedimentproductionrate from highway culvert
maintenanceractices:

G = Gh + Ge = 1/At an(vh +Ve), 3)

i=1

where lateral sedimentinput due to bank erosionassociatedvith headcuttingis neglected.The actual
sedimenproductionratewould be highly variablefrom yearto yeardueto theepisodicsedimenerosionand
transportprocessesn the Navarro basin. The total volumetric sedimentproductionrate resulting from

maintenanc@racticesatfloodplainculvertsmaybesmallrelativeto thetotal sedimenbudgetof theNavarro
basin.However thesepracticeseleasssilt andincreaseherateof fine sedimentontributedto mainchannel
aguatichabitat.Silt thatwould havebeenstoredfor longerperiodsof time in off-channelstoragesitesmay
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EFFECTOF BASELEVEL CHANGE ON FLOODPLAIN FANS 225

101

Canyon XS 93.4
——e—— Upper Fan XS 69.4
————— Lower Fan XS 28.9

o
~—

100

98

Elevation (m)
8

97

96
L d 1 1 ——— 1 e 1 " 1
% g 5 10 15 20
Distance From Left Bank (m)
104

. by —— Canyon XS 155.0
[ ) ———— Upper Fan XS 134.2
C Lower Fan XS 98.7

Excavated Channel XS 38.9

Elevation (m)

L [ 1 L

og L

o 5 6 s 20
Distance From Left Bank (m)
102 x
: c)
101 |

Elevation (m)

Upper Fan XS 244.8
[ ——— LowerFanXS$176.3
 ———— Excavated Channel XS 34.0
L i L L 1 L L L i 1 L L L L 1 . i L L
% Y 5 10 15 20

97 |

Distance From Left Bank (m)

Figure4. Cross-sectionat studysitessurveyedusinganautomatidevel: (a) Sisters'Gulch, HendyWoodsStatePark;(b) Lost Gulch

MP 9-94, NavarroRedwoodsStatePark; (c) Buried Log GulchMP 8-86, NavarroRedwoodsStatePark,showingnarrowchannelin

canyonandupperfan, relatively shallowwide channebcrosdower fan,andanenlargeddeepandwide excavateahannedownstream
of Highway 128in the portion of the floodplain thatwould not normally containchannels
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Tablel. Comparisorof primary stepheightdueto headwardncision to othersteps

Averagestepheight
in— *
Primarystep Canyon Floodplain—Fan
Studysite height(m) (m) nt (m) nt
Sisters’Gulch NA 0-23 3 0-29 7
Lost Gulch 0-62 0-47 8 015 9
Buried Log Gulch 0-40 0-90 2 0-17 15

* Excludingprimarystep
T Numberof steps

havedeleteriouseffectson alreadydegradedaquatichabitat. Our field investigationquantifiesq, for two
floodplain fan systemsdn the North Fork basinover a oneyearperiod.

RESULTSAND ANALYSIS

Morphologyof tributary—fan—floodplainsystems

Themorphologyof the Sisters'tributary—fan—floodplairsystemon the main NavarroRiver at HendyWoods
StateParkis notaffectedoy Highway 128 (Figure3a). Thetributaryemerge$rom thecanyonandformsafan
onthefloodplainwheresedimentransportedn bothfluvial anddebrisflows is depositedThemaintributary
andsecondarandabandonedistributarychannelslisappeawherethelower fan andthe floodplainmerge.
Cross-sectionsurveyedacrossthe tributary in the canyonand upperfan showa single channelwhile the
cross-sectiorsurveyedacrossthe lower fan illustratestwo distributary channels(Figure 4a). Thereis no
continuousdefined channelacrossthe floodplain that connectsthe tributary to the main channelof the
NavarroRiver. In the canyon tributary morphologyconsistsof step—pookequencesyherestepsform over
redwoodroots,fallen branchesndlogs,bouldersor irregularitiesin bedrock Averagestepheight(measured
from the baseof the plungepool to the top edgeof the step)on the fan andin the canyon,formedwhere
redwoodrootsor debriscrossthe channelare presentedn Tablel.

The two study sitesin NavarroRedwoodsStatePark crossedby StateHighway 128 — Lost Gulch and
BuriedLog Gulch—wereselectedo illustratetributary—fan—floodplan systemsvheregeomorphigrocesses
areaffectedby the highway.Thetributary andfan morphologyat both sitesis similar to the naturalSisters’
systemin the canyonand upperfan reacheshowever,the lower fan andfloodplain reachediffer in the
following way. Excavationof the tributary upstreamand downstreanof culvertsunderHighway 128 has
loweredthelocal baseleveto theelevationof thebaseof theculverts. Theextentof excavatiorwasidentified
by noting the presenceof heavyequipment(Bobcaf®) shovelmarksin the silty floodplain sediment.The
excavationcreateda deepenedand widened channeland initiated formation of a step and upstream
headcutting resultingin a defined channelthat connectsthe tributary to the North Fork NavarroRiver.
Geomorphicmaps of Lost Gulch and Buried Log Gulch show that thesetributaries are extendedby
excavatioracrosghefloodplainandconnectedo the North Fork (Figure3bandc), in contrasto the Sisters’
systemwherethetributaryterminatesieartheboundarybetweerthelowerfan andfloodplain.Cross-sections
of thenarrowtributariesin the canyonsandin upperfanreachestlLost Gulchandat Buried Log Gulchshow
that the tributaries are shallowerin the lower fan and significantly deeperand wider in the excavated
floodplainreachegFigure4b andc), againin contrastto the undisturbedSisters’systemwherethereis no
definedchannelin the floodplain.

At bothstudysitesaffectedby the highway,incisionextendsupstreanfrom theexcavatedeachandforms
oneor moreknickpoints,or steps.The morphologyof the excavatedeachess characterizedby a primary
stepthat migratesupstreanof the excavation(Tablell). At Lost Gulch,in additionto the primary step,the

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



EFFECTOF BASELEVEL CHANGE ON FLOODPLAIN FANS 227

Tablell. Morphologyof the excavatedeaches

Culvert Upstreamexcavation Primary stepcharacter Downstreamexcavation
width x height Width Depth,d* Length Stepheight,H StepH/dt Width Depth* Length
Studysite (m) (m) (m) (m) (m) (m/m) (m  (m) (m)
Lost Guich 12x 06 33 1.6 5.7 0-6 0-6 41 21 239
Buried Log
Gulch 09x06 35 12 164 0-4 05 33 21 683

* .Igepthfrohm edgleof floodplainto thalwegmeasuredrom floodplainsurfacebeyondexcavatiordebrisplacedadjacento
tributarychanne

TH/disratioof stepheight,H, frombaseof plungepooltotopof stepin theupstreanexcavationandd is depthfrom edgeof
floodplainto top of step

tributary hasformeda seriesof stepsupstreanof the excavationandincisionextendsupstreanto thelower
fan. At Buried Log Gulch,the primary stepis headcuttingnto the abandonediogging roadwherethe road
materialconsistof gravel fine sandandsilt. At Lost Gulch,35 percentof the changen elevationassociated
with stepson the floodplain fan is accountedor by the primary step,which is aboutfour timesthe average
stepheight.At Buried Log Gulch 15 percentis accountedor by the primary step,whichis about2-4 times
the averagestepheight.Datacomparingprimary stepheightdueto headwardncisionto otherstepsmostly
relatedto woody debris,arereportedin Tablel.

Fallenredwoodogs,branchesandstumpsaswell aslarge-diameteliving redwoodtrees affectsediment
storageon the fan and floodplain at the study sites primarily by stabilizing stepsin the tributary and
distributarychannelon the fan andby actingasdamsthat storesedimentThe abundancef recentlyfallen
treesandlargebranchesying perpendiculato thetributaryandacrosstherportionsof thefan at Buried Log
Gulchmay stabilizethe gradeandreducethe future rate of headwardncision.

Sedimenproductiondueto baselevechangeand culvert maintenancexcavation

The magnitudeanddurationof sediment-trangprting flow in theephemeratributariesinfluencestherate
of headwardmigration of incision. During the winter of 1998—1999¢he durationof flow in the ungauged
ephemeraltributaries was approximatelyfive months. After May 1999, we observedthat the surface
componenbf flow did not extendbeyondthe upperfan portion of the tributary—fan—flooglain systemsas
waterfrom thetributariesinfiltrated into thefan—floodplainsedimentin thelater partof thewet seasonflow
wasdiscontinuousflowing in poolsanddeepeiportionsof thetributary,anddisappearinginderalluviumin
the shallowerpartsof the channelanddistal portionsof the fans.

At Lost Gulch (Figure5a), therewasno migrationof the step,probablybecausehe durationof flow was
not long enoughto significantly erodethe fine-grainedunconsolidatedloodplain sediment,thus V}, = 0.
However thelocal steepeningf the bedslopeassociateavith therecentexcavatiordid leadto deepeningf
theplungepool downstreanof the stepby about0-1 m duringthefive monthperiod.As notedby Leopoldet
al. (1964),the formation of a plungepool downstreanof a stepcan contributeboth to erosionat the base
of the step and to downstreamremoval of the erodedsediment,both of which are prerequisitesfor
headcutting.

At BuriedLog Gulch,thestepmigratedupstreanaboutl-5 m (Figure5b). Theapparentetreatrate,given
asAx/At, whereAx is migrationdistanceandAt is aoneyeartime period,is 1-5m a *. This correspondso a
volumetricsedimenproductionrate,V;/At dueto theheadwardnigrationof thestepof 0-9 m® a * (whereV,,
is calculatedasthe productof stepheight(0-4 m), channelwidth at the step(1-5 m) andmigrationdistance
(2-5m)). In additionto the headcuttingtherewasa deepeningf the plungepool by about0-1 m, similar to
theamountat Lost Gulch. Depositionof sedimenimmediatelydownstreanof the plungepool aggradedhe
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Figure 5. Longitudinal profiles surveyedin autumn 1998 and spring 1999 showing step resulting from highway maintenance
excavationat: (&) Lost Gulch MP 9-94; (b) headwardncision at Buried Log Gulch MP8 68

channein thelocationof theformerplungepool up to about0-2 m. Anotherstepupstreanof theculvertwas
stabilizedby the presenceof woodin the channelanddid not move.

At LostGulch, Ve, theapproximatesolumeof materialexcavatedipstreananddownstreanof Highway 128,
is about235m?, andis about540m? at Buried Log Gulch. This volumeof sedimentprimarily composeaf silt,
wasplacedon the floodplain adjacento eachtributary channelwhereit may be reworkedby future overbank
floodsfrom the North Fork. However the sedimenproductionrate, VJ/At, wasequalto zeroat bothsitesduring
thewinter of 1998/99 sincetherewasno overbankflow from the North Fork. Using Equation3 to quantifythe
total sedimenproductionratefrom thetwo studysites(n = 2) overtheoneyearperiodof studyyieldsg, = 0-9 m®
a . Becausegeomorphicprocessesn the Navarrobasin are episodic, further investigationis warrantedto
quantify the effectsof highway maintenanceracticesthroughoutthe basinover longertime intervals.

DISCUSSIONAND CONCLUSIONS

Highway maintenanceexcavationon the forestedfloodplain in the NavarroRiver basincreatesa lower
managedaselevethatinitiatesadjustmenbdf the upstreamongitudinalprofile in ephemeratributaries and
altersthesedimenstoragecapabilityof thefloodplainandfloodplainfans.Resultsof this studydocumenting
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the role of culvert maintenanceexcavationalong Highway 128 suggestthat the lowering of the local

baseleveto the elevationof thebaseof the culvertalteredgeomorphigrocesseandmorphologyin forested
tributary—fan—flooghlain systemsn two significantways: (1) the excavationnitiatesheadwardnigrationof

incision that may transforma depositionalsysteminto an erosionalsystem;and (2) the excavationalters
channemorphologyof thetributaryby creatingarelativelydeepandwide definedchannein aportionof the
floodplainthatwould nototherwisecontainchannelsprovidingrapidconveyancef flow andsedimenfrom

tributariesto the main channel The managemenimplicationsof thesegeomorphiceffectsarerelatedto the
reductionof tributary—fan—floodplainsedimentatiorstoragevolume and residencetime and the potential
impactsof increasedine sedimentsupplyto downstrearrhabitat.

Baselevelowering and headwardmigration of incision

Culvertmaintenancexcavationis intendedto keepthe culvert entrancesand exits free of sedimentand
woody debrisandto speeddrainageof the floodplain following floods. The local baselevebf eachsystem
crossedby Highway 128 is changedo a new elevationcorrespondingo the elevationof the baseof the
culvert. In effect, maintenanceexcavationcreatesa managedaselevelkhat could changeif management
practiceschanged,or if maintenancedoesnot regularly removeaccumulatedsediment.For example,if
periodic excavationceasedthe small tributary upstreamof eachculvert couldfill in with sedimentto the
elevationof thesurfaceof thefloodplain(or eventheroadsurface) assumingsufficientsedimensupply.The
configurationwould thenbe similar to thatat Sisters’Gulch, thelikely naturalstateof the systemwherethe
distal endof the fan surfacemergedwith the North Fork floodplain sedimentandwaterinfiltrated into the
sedimentindflowed asgroundwatetowardsthe mainchannel As long asperiodicmaintenancexcavation
is conductedto maintain the lower managedbaselevelat the elevationof the baseof the culvert, the
geomorphiacesponsef theupstreansystems likely to beincision,despitethevariability in sedimensupply
from upstreamFor example a debrisflow from thetributary thatdepositssedimenion the fan couldfill an
incisedchannebnddivertflow to anewcourseonthefan. However flow will eventuallybedivertedtowards
existing culverts,and aslong as periodic excavationto the elevationof the baseof the culvert continues,
headcuttingandupstreamincision arelikely to follow.

Theresponsef the systemto the baselevethangedepend®n severalfactorsincluding the rate,amount
anddirection of the baselevekhange(Schumm,1993)aswell ason the erodibility of the floodplain and
tributary sourceareasThe excavatiomat Lost GulchandBuried Log Gulch createdsignificantstepswith an
abruptchangen slopebetweertheupstreanthannebndtheexcavateadeachn non-cohesivsedimensuch
asin theNorth Forkfloodplain—fansystemsthesestepsarelikely to flattenaserosionmigratesheadwardand
lowersthe entireprofile equalto the amountof the initial lowering of the bed,asobservedn otheralluvial
systemsandflume studiegLeopoldandMiller, 1956;BrushandWolman,1960;Pickup,1975;Begin,1978;
Beginetal., 1981).Overtime, therewill beaprogressiveeductionin slopeupstreanof theheadcutandthe
longitudinalprofile of thetributarywill changeassediments erodedupstreanof thestep,wherethevelocity
andshearstressaaregreatestanddepositediownstreanof thestep.Therateof longitudinalprofile changeon
thefan andfloodplainwill dependon parametersuchasthe future sedimentsupply,transportrate,andthe
characteof theupstreanbedandbankmaterial(BrushandWolman,1960;Begin,1978;Beginetal., 1981;
Gardner,1983)aswell ason non-fluvial elementssuchaslargewoodthatmaylocally stabilizethe bed.In
theNavarrobasin wheresedimensupplyandtransporprocesseareepisodicandhighly variable andwhere
the fan—floodplainsedimentdepositsare not homogeneoudjeadcutmigrationis alsolikely to be episodic.
The longitudinal profile evolution may also be variable,steepeningand flattening in responseboth to the
headwardnigrationof incisionandthe sedimensupplyfrom upstrean{Wolman,1987).An increasen bed
width anda reductionin the steepnessf channelbanksis likely asincision proceedsipstreamn alluvial
streamgespondingo baselevelowering (Pickup,1975,1977).Furtherupstreamin the bedrockportion of
the tributary, continuedheadcuttingof incision will dependon the sedimentsupply, transportcapacity,
erodibility of thebedrock grainsize,andon excesshearstressieededo alterthelongitudinalprofile (Sklar
andDietrich, 1998).
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Equation3 providesa methodto estimatethe total sedimentproductionfrom highway maintenance
activities,onecomponenbf thebasin’ssedimenbudget Overthelongterm,q, would becompoundedy the
volumeof tributarysedimenthatis transportedirectly from tributarycanyongo themainchannehbsaresult
of headwardnigrationof incisionupstreanof the highwayandthelossof sedimenstoragecapabilityof the
floodplainandfloodplainfans.Althoughthevolumeof lost storageassociatedavith anindividual floodplain
fan may be small, the cumulative effect of lost storageand increasedproductionof silt resulting from
maintenancet everyculvertis likely to further degradeaquatichabitatin the main channels.

Future geomorphicprocessesctive in the modified systemwill dependon the sedimentsupply and
transportrate,andflow magnitudeanddurationin the ephemeratributariesandin the mainriver channel.
The hydrologic characterof the ephemeralributariesinvestigatedin this study suggestghat thereis an
intermediaterange of climatic eventsrequiredto initiate headcuttingand incision in the floodplain fan
systemsAt the lower limit, rainfall mustat leastexceeda thresholdto generaterunoff in the ephemeral
tributaries.At the upperlimit, runoff from the North Fork must be lower than that which inundatesthe
highwayandculvert system.

Finally, the rate of headcuttingwill dependon the presencesf non-fluvial elementssuchaslargewood,
thatretardthe processeandincreasesedimentesidencdime in theforestedfansandfloodplains.Resultsof
thisstudysuggesthatlargewoodpresentsfallenlogs,branchesandstumpsaswell aslarge-diameteliving
redwoodtrees,affectssedimentstorageon the fan andfloodplain at the threestudy sitesby 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 retardthe headward
migration of the main stepupstreamof the managedaselevelchangeand may ultimately minimize the
incision causedby baselevelowering at this site. In contrast,the position of wood at Lost Gulch that is
parallelto ratherthanperpendiculato the maintributary channelin the lower fan will allow headcuttingo
occur.

Managemenimplications

Resultsof this studysuggesthatthe influenceof roadmaintenancexcavationextendso floodplainand
fan areasspatially removedfrom the road. As incision migratesupstreamjt could eventuallyconnectthe
tributary canyonsand the entrenchedupper portion of the fans to the main channelof the North Fork,
providing a conduitfor the rapid transportof sedimento the aquaticecosystenof 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
inundatethe floodplain,andprovidea sourceof fine sedimento downstreameacheof the North Fork and
NavarroRiver. Excessivdine sedimeniaddedto the aquaticsystemcandegraddish habitatby infiltrating
into gravelbedmaterial(BeschtaandJackson1978;Lisle, 1989)or by filling pools(Lisle andHilton, 1999).
Reductionin floodplain sedimentstoragedue to road maintenanceexcavationhasthe greatestecologic
significanceduringsmallfloods,whenthereis asedimenandwaterflux from theephemeratributariesto the
floodplain,andsedimenthatwashistorically storedon the floodplainis moreefficiently transportedo the
mainriver.

Highway 128 overliesvariousolderfootpaths,andstagecoackandlogging roadsthatwere presentn the
Navarrowatershedrior to automobileuse.Thus,road-relatedsedimentsourcegprobablyhavecontributed
sedimento the NavarroRiver andits tributariesfor manydecadesOtherlandusesncludinglogging-related
activities, especially unmaintainedlogging roads and culvert crossingson steep hillslopes, probably
contributemuch more sedimentto the NavarroRiver thanthe Highway 128 tributary maintenancesffects
discussedn this paper.However,improved highway maintenanceand managemenpracticescan help
improve alreadydegradedaquatichabitat. Managemenpracticesthat could minimize the effect of culvert
maintenancelongHighway 128 on aquatichabitatinclude the following. First, raisingthe highwayhigher
abovetheelevationof thefloodplain,sothatculvertsunderthe highwayareplacedatthe original gradeof the
tributary streambedor floodplain,ratherthanexcavatedower thanthe original thalwegsothatmaintenance
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doesnotrequireloweringthebaselevebf the system Thiswould benefitwaterquality in theripariansystem
by maintainingtheexistingsedimenstoragecapabilityof thefloodplain—fansSecondmanagindargewood
onthefloodplainto retardheadcuttingipstreanof maintenancexcavatiorcouldmaximizesedimenstorage
onthefloodplain—fansFinally, realignmenbf the highwayoff thefloodplainto aformerroadlocationonthe
drainagealivide thateliminategheneedfor culvertexcavatiormaintenancén fan—floodplainsystemswould
benefitwaterquality solong asthenewroadalignmentdid notcreatenewimpacts Problemsassociatedvith
ridgetoproadssuchasconcentratiorof drainagejnitiation of landslidesandeventuaintegrationof channel
androadnetworksareidentifiedby Montgomery(1994).Thus,the benefitsof realignmenmustbe evaluated
in thecontextof geomorphigrocesseactivein theentirebasin.Thedatadescribedn this studycouldaidin
developingloodplainmanagemerdndrestoratiorstrategieshataccommodatgeomorphigrocessewhich
allow floodplain—fan—seithent storageandwhich createandsustainhabitatin the NavarroRiver or in other
basinswith forestedfloodplains.
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