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ABSTRACT

This paper incorporates a conceptual model of the effect of roads and forest harvesting on hillslope soil moisture and runoff
production into a hydroecological modelling system and discusses model results for a range of scenarios for a small
catchment in the Western Oregon Cascades, USA. The model is used to explore the implications of road cut depth and road
drainage patterns on seasonal hydrologic responses including runoff production, soil moisture and ecological processes
such as evapotranspiration. By examining hydrologic response within a seasonal and hillslope context, we illustrate the
complex role played by roads in terms of both the spatial and temporal persistence of the effects of an increase in local
drainage efficiency associated with particular road segments. Model results are compared with observed outflow responses
for a paired catchment study using the test case watershed. (catchment area in UK terminology). Results show the potential
for an ecologically significant change in soil moisture in the area downslope from the road. These changes are mediated by
the drainage patterns associated with roads, specifically whether road culverts serve to concentrate or to diffuse flow. Field
verification of these findings presents an avenue for further research. The modelled effects on seasonal outflow response are
less significant but do show clear temporal patterns associated with climate pattern, hillslope drainage organization and road
construction. Comparison between modelled and observed outflow response suggests that the model does not yet capture all
of the processes involved in assessing the effects of forest road construction. Copy#08i John Wiley & Sons, Ltd.

KEY WORDS: road construction; drainage organization; seasonal hydrologic response; hydroecological modelling; streamflow; soil
moisture distribution; forest harvesting

INTRODUCTION

Forest roads have been associated with increased peak flows for a number of monitored catchments in the
Pacific Northwest, USA. Plot-level studies illustrate the ability of forest roads to intercept and route both
subsurface and saturated overland flow more efficiently to the stream (Wemnple 1996) as well as to
generate additional surface runoff as a result of reduced infiltration capacity of the road surface (Luce and
Cundy, 1994). This paper uses an ecosystem model, the Regional Hydro-Ecological Simulation System
(RHESSYys), to address the effects of forest roads on hydrologic response within both a catchment and a
seasonal context. We use the model to generate hypotheses about the broader spatial and seasonal effect of
roads, which include impacts on summer low flow and on winter storm flow responses. We compare these
modelling results with available field data and propose additional field testing.

The connection between forest harvesting and hydrology continues to be an important scientific and forest
management issue in the Pacific Northwest. Both field-based and modelling approaches have explored
changes in the magnitude, timing and inter-catchment variability of hydrologic response following harvest.
Roads in themselves have the potential to alter hydrologic response and may also act synergistically with
forest harvesting. Case studies, such as Jones and Grant (1996), 8/agki1990), Harret al. (1975), King
and Tennyson (1984) and Keppeler and Ziemer (1990), indicate that roads can have significant effects on
peak flow; however, these results vary significantly across sites, different road construction patterns, storm
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eventsand seasonabprecipitation. Spatially distributed modelling providesa techniqueto organizethe
interactingeffectsof thesedifferent controlson hydrologic responseherebyhelpingto explain observed
variability in watershedcatchmentreain UK terminology)response$o road construction.

In many field and modelling studies,the explorationof the effect of roadshascentredon peakflow
responsge.g. Storck et al., 1998). In this paper,we include considerationof the seasonablnd spatially
distributedeffects of roads.Variability in peakflow responsedue to roadsmay in part be explainedby
examiningthis seasonatontext.In the Pacific Northwestthereis a distinctseasonalityo precipitation,with
a significant percentagef precipitationfalling during winter monthsfollowed by a dry period during the
summerln addition,effectsof forestharvestdisturbancen summeiow flow canhavesignificantecological
consequence®latedto streamflowquality and quantity, both of which supportaquatichabitatandhuman
usesof streamgHicks etal., 1991;Johnson;1998). Disturbancesnay alsoaffect soil moisture,which is a
control on plant evapotranspiratignphotosynthesisand speciescompetition, especiallyin water-limited
environments.

To examinetherole playedby roads,we incorporatea conceptuamodelof roadimpactsinto a spatially
distributedhydroecologicalmodelling system,RHESSys.Simulationsare developedfor an experimental
watershedn theH.J. AndrewsExperimentaForestin the WesternOregonCascadesA rangeof scenarioss
usedto generatéypotheseaboutthe variability of hydrologicresponseo roads.Simulationresultsarealso
comparedvith resultsfrom anempiricalstudyin theH.J. Andrewswatershedn orderto assesfowwell the
modelcaptureghe processesf interest.

CONCEPTUALMODEL

Wempleetal. (1996)proposedhatconnectivityof roadditchesandculvertswith streamnetworksincreases
the impactof roadson peakflow. Wempleet al. (1996) suggesthat road—streantonnectivity effectively
increaseshedrainagedensityof thewatershec&ndconsequentlganincreasgeakflow. Theyobservedhat
roadsmay be hydrologically connectedo the streameitherthroughculvertswhich drain directly into the
streamchannelor via culvertswhich drain into a systemof gullies incised below culvert outlets. These
gullies,duringstormevents canactaschannelgo connectlow interceptedy theroadto downslopestream
channelsWempleetal. (1996)observedhatfor two basinsn the WesternOregonCascades/6 per centof
the surveyedroad length was hydrologically connectedo the streamnetwork either directly or via gully
channelization.

Our conceptualmodel also includesconsiderationof impactswhereroadsare not directly linked to a
streambut still routeandthereforeconcentratdlow in particularareasbelowthe roadasshownin Figurel.

Thus,we areinterestechotonly in increasedutflow dueto theincreasedydrologicalconnectivityto the
streamput alsoin:

(1) hydrologiceffectsonareaselowtheroadwhichreceivelessrechargalueto theredirectionof flow into
ditches;and

(2) outflow andsoil moistureresponsén casesn which roadculvertsdraininto areasnot hydrologically
connectedo the stream.

Thereductionin rechargeo areasbelowtheroadwill resultin a decreasén downslopesoil moisture.lt
mayalsoresultin adecreasén saturatecgubsurfacéhroughflow.Fromtheperspectivef catchmenbutflow,
it is the combinationof the effectsfrom areasbelowthe roadandtheincreasen drainageefficiency dueto
redirection by the road that will createthe net changein streamflow. The relative timing and spatial
distributionof thesetwo effectswill probablybe different, sinceroad-redirectioreffectsarefastrelativeto
effectson subsurfacehroughflowin the areabelowtheroad.The combinedeffectswill createatemporally
complexpatternwith contrastingeffectsin different areasof the hillslope.

The abovediscussiomappliesin the casewherewateris redirectedby the roadinto culvertsandgullies
which are hydrologically connectedto the stream.In many caseshowever,road culverts serveonly to
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concentrateheflow in particularareashelowtheroad.The effectof this concentratiorof flow will depend
uponthecharacteristicef thereceivingareasAs shownin Figurel, interceptedlow maybeconcentrateih
a relatively wet areabelow the road. This would correspondwith road culvertsdraining into downslope
hollows, which may increaseand concentratesaturatedsubsurfaceghroughflow. The potentialto increase
peakflow effectsis similar to the situation where culverts are hydrologically connectedto the stream,
althougheffectsmaybediminishedif theflow is notchannelledAlternatively,roadculvertsmayredirectthe
flow to relativelydry areasasshownin Figurel, andessentiallyactto diffusetheflow by transferringwater
to areasthat otherwisewould receivethe leastamountof upslopeflow. In this case,we would expect
potentiallyhigherevapotranspiratiom the dischargeareaandanoverallreductionin outflow asopposedo
the precedingiwo casesn which flow is concentratear channelleddirectly to the stream.

In additionto connectivity,roadcut depthcanvary dependinguponlocal slopeandroadwidth. Roadcut
depthdirectly controlsthe amountof subsurfaceunoff thatis interceptedoy theroad,asshownin Figure2,
andthereforethe magnitudeof road effects.

THE SIMULATION MODEL

To illustrate the variouseffectsof roadson hydrologicresponsewe apply the aboveconceptuaimodelin
RHESSys,the Regional Hydro-Ecological Simulation System.RHESSysis a modelling systemwhich
combinesdistributed flow modelling with an ecophysiologicalcanopy model, basedon BIOME_BGC
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Figure 2. Interceptionof subsurfaceand surfaceflow by road cut bankwhereincreasingthe depthof the watertable decreasethe
proportionof subsurfacdlow thatis interceptecby the road

(RunningandHunt, 1993)anda climateinterpolationschemebasecon MTN_CLIM (Runningetal., 1987).
In RHESSyssimulationsexplicit distributedroutingis performedusingamodified versionof the Distributed
HydrologicSoil VegetationSystem(DHSVM) algorithm(Wigmostaetal., 1994)which hasbeenadjustedo
consideiirregularpatchareasPatchesretopographicallydefinedsimulationunits. Thesmallesipatchsizeis
a 30m grid cell. Processalgorithmsusedin the currentversionof RHESSysare describedn Tagueet al.
(1998).

Implementatiorof a roadnetworkin the RHESSysrameworkmakesthe following assumptions.

e Theamountof subsurfacéhroughflowinterceptedy theroadis afunctionof theroadcutdepthandthe
currentsaturationdeficit (or depthto watertable) of the areaimmediatelyupslopefrom the road(see
Figure2).

e Theinterceptediow is redirectedto oneof threedownslopepatchesspecifiedby the user:the nearest
stream; a relatively wet adjacentdownslopepatch; or a relatively dry adjacentdownslopepatch.
Relativewetnesss determinedoy usingthe TOPMODEL wetnesdgndex (BevenandKirkby, 1979).

Thewetnessndexis usedhereto determineapriori measuresf relativewetnesgor downslopepatcheslt
is not usedto simulatethe patternof flow sinceTOPMODEL would be unableto accountfor the spatially
explicit reroutingof waterby roads.

The wetnessndex (WI) is calculatedas:

WI =InA/tangT

whereAis accumulatedreaabovethe patchperunit contourlength,tan s is local slopeandT is the patchsoil
transmissivity.

Lateralhydrologicfluxesaremodelledusingthe modified DHSVM explicit routingapproachAny surface
flow or infiltration excesss assumedo leavethe patchwithin thedaily time step.The amountof subsurface
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waterflux from a given patchis computedas:
q(t) = {T(t) tanfew} (1)

whereq(t) is waterflux from the patchat time t; tans is local slope;w is patchboundarylengthandT(t) is
transmissivityat time t. Transmissivityis computedas:

T= / Koel " dz (2)
Z

whereK, is local saturatechydraulic conductivity at surface,z is local depthto saturationandm is a soil
parameterwhich scaleshydraulic conductivitywith depth.

If thepatchcontainsaroad,all surfaceflow is interceptedy theroad. Theamountof subsurfacdlow that
is interceptedy theroadis a function of roadcut depth(D). If the depthto saturations, is greaterthanthe
roadcutdepth theinterceptedsubsurfacéow is zero.If thedepthto saturatioris lessthantheroadcutdepth
thenthe amountof interceptediow is computedusingEquationl wheretransmissivity,T, is calculatedas:

D
T= / Koel " dz (3)
Z

If the patchcontainsa road,the interceptedsubsurfaceand surfaceflow is routedto one of the following
downslopepatchesasspecifiedby the user:

(@) thenearestlownslopestreampatch;
(b) thewettestadjacentdownslopepatch(ascalculatedoy the wetnessndex);
(c) thedriestadjacentdownslopepatch(ascalculatedoy the wetnessndex).

Theremainingsubsurfacdlow, i.e subsurfacdlow from Equationl, thatis deepetthanthe roadcutand
thereforenotinterceptedy theroadis directedto adjacentlownslopepatchesThe percentagef subsurface
flow apportionedo anygivendownslopepatchis baseduponrelativegradientsasdescribedn Wigmostaet
al. (1994).

Themodelcanbeappliedusingestimate®f roadculvertpositionsandroutingcharacteristicef a detailed
surveyof individual roadculvertsis not available.This paperexaminessimplified scenariosat the endsof a
continuumwhereroadscan connectdirectly to the stream,concentratdlow in hollows below the road or
diffuse flow to drier areasbelow the road. An algorithm for determiningroad connectivity will be
implementedin later versionsof the model. Wemple et al. (1996) proposea relationshipbetweenroad
connectivity (to streamchannels)and road and topographiccharacteristicancluding slope and the road
lengthdrainingthe culverts.

METHOD

We applythis modelto Watershed in the H.J. AndrewsForestin the WesternOregonCascadeslevation
within the 101 hawatershedangesrom 400to 1000m. Meanannualprecipitationis greateithan2000mm
and showsa clear seasonabariation with most of the precipitationfalling betweenOctoberand April.
Precipitationandtemperaturénputsaretakenfrom a single basestationwithin the catchmentVariationin
incoming radiationwith elevationand aspectis adjustedusingMTN_CLIM (Runninget al., 1987)which
estimatesadiationbasedn latitude,slope,aspectindestimate®f atmospherid¢ransmissivity(Bristow and
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Figure3. Streamandroadnetworkfor Watershed: H.J. AndrewsExperimentaWatershed

Campbell,1984).Spatiallyvariableprecipitationlapserateswith elevationarederivedfrom a precipitation
mapof the H.J. AndrewsForestwhich wasderivedusingthe precipitationdistributionmodel PRISM (Daly
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Figure4. Daily outflow for Watershed® and Watershed; simulatedvs. observed

etal., 1994)developedor mountainousandscapes this region.Spatiallyvariabletemperaturdapserates
with elevationare takenfrom Rosentrate(1997) for the H.J. Andrewsbasinbasedon information from
multiple climate stationswithin the H.J. Andrewssite.

Soilsaregravellyclay loamwith highinfiltration capacitiesandhigh hydraulicconductivity (>80 m/day).
Vegetationis dominatedby DouglasFir (Pseudotsuganenziesii) Figure 3 illustratesthe position of roads
relativeto the streamdrainagepatternin the watershedRoadconstructionon Watershed3 beganin April
1959.1n August1962,25 percentof the forestwasclearcutandthenburnedin February1963.

Themodelwascalibratedusingdatafrom aneighbouringunharvesteavatershedyatershe@, usingdaily
outflow from 1963.Lateralsaturatedhydraulicconductivity,Ks,; wasusedasthesolecalibrationparameter.
An initial setof spatially distributedKs,; valueswere assigneasedon soil texturemapsfor the area.For
calibration,all Kg,; valueswerescaledby a singlemultiplier. Thuscalibrationaltersthe magnitudeof basin
hydraulic conductivity but not the spatialdistribution. The calibrationprocedureusedthe Simplex method
(Nelder and Mead, 1965) to maximize the Nash—Sutcliffe (1970) efficiency measureto comparethe
correspondenceetweernbservecandmodelledoutflow. A maximumNash-Sutcliffeefficiency measureof
0-77 wasobtainedfor Watershe@ outflow for 1963.Simulationresultsfor the calibrationyearareshownin
Figure4.

The model calibration achievesa reasonableorrespondencbetweenobservedand modelled outflow,
althoughthe modelunderestimatesesponseo early autumnprecipitationeventsasshownin Figure4. Soil
informationis the main sourceof errorin the model. Spatialvariationin soil parameterss difficult to infer
from available soil maps,and calibration doesnot adjustthe spatial variation in soil characteristicsin
addition, McDonnell (1990) has shown that effective saturatedhydraulic conductivity may vary under
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different conditionsdue to the accessingf macroporeflow. Thesefactors may accountfor someof the
differencesnotedbetweenobservedand modelledoutflow.

Watershed scenariosvererun usingthe sameKg,; multiplier thatwascalculatedhroughcalibrationon
Watershed2. Figure 4 comparesresulting modelled and observedoutflow for Watershed3 for a
predisturbance/ear, 1959. Watershed3 also exhibits a reasonablecorrespondenced,e. a Nash—Sutcliffe
efficiency of 0-7, betweenobservedand modelledoutflow.

In order to illustrate the implications of the conceptualmodel, we testedthe effects of two road
constructionscenarios.

(1) Roadcutdepths We beginby exploringanextreme'worst case’scenariowith aroadcut depthof 5m
andall roadsareassumedo be hydrologicallyconnectedo the stream Simulationsarerepeatedor a
more moderatecut bankdepthof 0-5 m anddifferencesin responsenoted.

(2) Road-streantonnectivity We assesshree scenarioswith respectto road connectivity as discussed
above We considera ‘worst case’scenariovhereall roadsarehydrologicallyconnectedo the stream.
We alsomodeltwo scenariosvhereinterceptedlow is redirectedo downslopeareaghroughculverts
thatdrainto high or low wetnessndex downslopepatches.

Theabovescenarioareusedto assessheimplicationsof the proposednodelon the spatialandtemporal
persistencef road constructioneffectson hydrologicresponseWe are alsointerestedn comparingthese
resultswith empiricaldata.PairedcatchmentomparisondetweenVatershe® andthecontrolunharvested
Watershe@ provideinformationon outflow differenceshetweernresponsewith andwithout bothroadsand
forest harvesting.We comparetheseempirical differenceswith simulationresultsfor scenarioswith and
without roads.

RESULTS

Simulatedannualand summerutflow

Tablel summarizesnodelpredictionsof thepercentagehangen annualoutflow andevapotranspiratiodue
to disturbancdor the variousroad constructiorscenariosAll recordedchangesllustratethe differencesn
outflow from Watershea for simulationgunwith two differentlandusescenariogwith roads andwith both
roadsandharvesting)n comparisorto a baselineno disturbance'simulation.

Pre-harvesting(roads only) period. Three periodsfor comparisonare considered.The first is the
comparisorbetweensimulationswith roadsandwithout roadsfor the pre-harves{1959-1962period.For
this period,changesn simulatedannualflow aresmall (<2 percent)for all roadconstructiomalternatives.
Increasesn annualflow dueto roadsarebalancedoy areductionin evapotranspiration.

Post-harvestingoeriod. We also examinethe periodin which both forest harvestingand roadsoccur

Tablel. Changein simulatedoutflow in responsédo differentroadconstructionandforestharvestingscenarios

Changein annualoutflow (evapotranspiration(®o)

Roadeffectsduring Roadeffectsduring Combineddisturbance
Roadconstruction pre-harvesperiod harvestedperiod effects
0-5m cut bank;routeto stream 0-5(—04) 02 (—0-3) 67 (—71)
5m cut bank;routeto stream 1.7(-16) 1.6 (—19) 8.0 (—86)
5 m cut bank;routeto highestwi 02 (-01) 0-0 (0-0) 6-4 (—6-8)
5m cut bank;routeto lowestWI —0-0 (0:0) —0-0 (0-0) 6-3(—67)
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(1962-1969)We limit this periodto the early responsef forestharvestingoeforesignificantregrowthhas
occurred.Tablel summarizeboththe combinedeffectsof roadsandharvestinganda scenariahatisolates
the contributionof roadsduring this time period.

Theeffectof forestremovalcontributesa 6 percentincreasen annualflows independenof the effectsof
roads.The neteffect of harvestingversusroadconstructiondominatesn all scenariosTo disaggregatéhe
effect of roadsfrom harvestingwe comparescenariosvith roadsand without roadsduring the harvested
period.Thesescenariosllustratethe potentialfor any synergisticeffectsdueto harvestingon the response
dueto roads Resultssummarizedn Tablel suggesthattheeffectsof roadson annualoutflow aresimilar for
pre-andpost-harvesperiods.(Notethatpercentageffectsdiminish slightly dueto the higherflow volumes
in post-harvestingeriodsbut the net effect of roadsdoesnot change.)

Effect of road—streamconnectivity. When wateris concentratedn areasbelow the road, ratherthan
directly routedto the streamthe effectof roadsbecomesiegligibleon both outflow andevapotranspiration.
This is consistenwith the conceptuamodelwhereroadsrouting directly to the streamproducethe largest
effectsdueto flow channelizationRoutingculvertsto local areasbelowthe roaddiminishesthe effectson
both annualoutflow and evapotranspirationNo significant difference betweenrouting to highestversus
lowestwetnesdndex wasfound for modelledannualevapotranspiratioand outflow responses.

Within-seasoroutflow dynamics

The within seasonagffectsarealsoof interest,sincethey illustrate temporaldynamics.Figures5 and 6
illustrate cumulativeoutflow differencesfor simulationswith roadsandwithout roadsfor 1959, for the 0-5
and5 m cut bank,respectively Superimposedn a netseasonaincreasen outflow, both cut depthsshowa
repeatectycle of increaseand decreaseén outflow differencesduring the springandwinter periods.For a
given storm, a scenariowith roads may produce more outflow as a result of subsurfacethroughflow
interceptionby the road and more efficient routing of this flow to the stream.The consequencef this
redirection,however,is a reductionin subsurfacerechargeto areasbelow the road. In inter-stormand
subsequenstormperiods,thesedownslopeareasmay thencontributelessoutflow to adjacentstreamsFor
theseperiods,Figures5 and6 showa partial recoverywhich occursfollowing increasesn the cumulative
differencebetweensimulationswith andwithout roadsfor particularstormevents.In subsequenperiods,
howeverthisincreases partially compensatetbr andresultsn adecreas@& cumulativeoutflow difference.
The timing of this recoverywill dependuponthe history of stormeventsandthe hillslope characteristics.
Thesesimulationresultsshowthat for Watershed, the decreaseén flow associatedvith roads,following
increasesluringhigh flow eventspccurswithin thewinter seasorandwith a similar frequencyfor moderate
andlow cut banks.

Figures5 and6 alsoshowthat the magnitudeof effectson cumulativeoutflow variessignificantly with
road cut depth. The larger cut depth (5m) producesa peak cumulative outflow almostfive times that
producedusingthe 0-5m cut bank.

This patternof recoveryoccurs with diminishedmagnitudewheninterceptedlow is routedto the highest
wetnesdandex. For routing to the lowestwetnessndex, effectsare further diminishedand, for the low cut
bank,aretheinverseof whatis foundwith routingdirectly to the streamor to the highestwetnessndex. This
inverseanddiminishedpatternassociatedvith routing to the lowestwetnessndex supportsthe conceptual
modelthatroutingto the lowestwetnessndexactsto diffuseratherthanto concentratélow. In the5 m cut
depthcasesthe additionalinterceptionby the high cut bankovershadowshesediffusive characteristics.

It shouldbe notedthat the scenariogestedhere assumea single culvert for each30m of road length.
Varying the concentrationof culverts and thereforethe magnitudeof flow concentration/diffusiormay
producemoreor lesssignificantresults Estimationof culvertdensityis requiredto be ableto usethis model
in areaswheredetailedroad surveysare not available.Use of the 30 m spacingprovidesa modelto allow
comparisorof otherroadvariables Figure7 illustratestheimpactof increasingculvertspacingn the model.
Resultsshow that the outflow difference associatedvith roadsfollows a similar seasonapattern. For

Copyright © 2001 JohnWiley & Sons,Ltd. Earth Surf. Process.Landforms26, 135-151(2001)



144 C. TAGUE AND L. BAND

w -

—— Streams
"""""" Highest Wi
------ Lowest WI

£ © 7

£

8

<

o

£

8

g

k=3

=

(o]

o

2

k-]

g 7

=]

O

e N K e S e -

T T T T T T T T T

Jan Feb March Aprii May June July Aug Sept Oct Nov  Dec
1959

T T

Figure5. Cumulativeoutflow differenceon Watershed for simulationswith roadsandbaseline (no road)simulationsassuminga
0-5m roadcut depth

individual events,the increasein outflow associatedvith roadsis slightly (<1 mm) more flashy with the
largerculvertspacing Thisreflectsthelargercontributingarea(andthereforemagnitudeof interceptedlow)
associateavith largerculvertspacingFor oneparticularstormevent,the 90-120m culvertspacingproduces
achangen thetiming of responsén comparisorto the ‘no road’ scenarid(i.e stormoutflow occursoneday
earlierin the scenariowith road, producingthe two sequentialspikesin the outflow differencebetween
scenarios)Useof the daily time stepin the modelresultsin this apparentiramaticdifferencein outflow. To
explorethe effect of roadson timing in more detail, a subdailytime stepwould be required.

Spatially distributedsoil moisture

Thespatialextentof thereductionin recharggo areaselowtheroadandto thehillslopedrainageeatures
will haveanimpacton hydrologicresponse&haracteristicsTo explorethis, we examinethe spatialpatternof
the effectof roadson saturatiordeficit. Figure8 mapsthe spatialdistributionof the differencesn saturation
deficit and evapotranspiratiorfor a representativesummerday for scenarioswith and without roads.
Differencedn saturatiordeficit arehighesimmediatelybelowtheroadbutextendirom theareaimmediately
belowtheroadto thestreamnetwork.Thisillustratesthe spatialpersistencef roadeffectsto adjacenstream
areaghatcontrolsubsurfaceoutingto the stream Theimpactof achangen saturatiordeficit on subsurface
throughflow(andeventuallystreamflow)is mediatedby associate@hangesn evapotranspiratiarin Figure
8, differencesin evapotranspiratioshow a smaller spatial extentthan differencesin soil moisture.This
patternarisesbecauseevapotranspiratiodoesnot respondinearly to soil moisture,andbecausen lower,
wetter areasand wetter periods, evapotranspiratiormay not be limited by soil moisture. Significant
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differenceqi.e. >50percentin somelocal cases)n evapotranspirationeartheroad(i.e. within 200m) also
illustratethe potentialfor ecologicallysignificantconsequencesn downslopevegetation.

Figure9 illustratesthe generalizatiorof theseresultsthroughtime andspace Figure 9a showsthe mean
and standarddeviation of the daily increasein saturationdeficit due to roadsas a function of flowpath
distancefrom theroadfor Marchto October1959.This graphillustratesthe patternof spatialpersistencef
effectson saturatiordeficit, showingthatthe greateseffectsoccurwithin thefirst 100m belowtheroadand
a continuedincreasein saturationdeficit for a significant distancedownslope.Figure 9c illustratesthe
correspondingpatternfor the reductionin downslopeevapotranspiratiodueto roads.A similar, although
muted,reductionin the meandecreasén evapotranspiratiowith downslopedistances shown.The higher
varianceassociatedvith evapotranspiratiors dueto the non-linearrelationshipbetweensoil moistureand
evapotranspiratiosuchthat a reductionof soil moisturein relatively dry periodswill have significantly
greatereffectson evapotranspiratiothanin wetterperiods.In local areasgffectson evapotranspirationan
bequitehighwith maximumdifferencein evapotranspirationf greatethan3 mm observedor areanearto
the road and a differenceof greaterthan 2 mm for areasmore than 500m downslope.Figure 9b and d
illustrate the temporalpersistencef road effects on downslopesaturationdeficit and evapotranspiration
respectively.Effects on saturationdeficit tend to increasefrom wet periodsin March and April, where
differencesbetweerroadandnon-roadsimulationsare dominatecby differencesn outflow ratherthansoil
moisture. Differencesincreaseinto mid-summerand then drop off as evapotranspiratiorlifferences,as
shownin Figure 9d, beginto reducesoil moisturedifferences Evapotranspiratiomifferencesdueto road
constructionare most pronouncediuring dry, late summerperiods,againdueto the higher sensitivity of
evapotranspiratioeffectsduring dry periods.
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Figure7. Comparisorof coarsg90 m) andfine (30 m) culvertspacingshowingcumulativeoutflow differencefor simulationsunwith
roadsandbaseline (no road)simulationsassuminga 5 m road cut depth

Empirical paired catchmentomparisons

We now comparemodelresultswith empirical data.We analysevariationin observeddaily andannual
outflow from Watershed3 againstthe neighbouringundisturbedWatershed? and anotherneighbouring
Watershedl in the H.J. Andrewsbasin.WatershedlL was100 per centharvestedn 1963without any prior
roadconstructionHicks etal. (1991)developa least-squaresegressionelationshipfor summerandannual
watershedyields for pre-harvestingperiodsfor both Watershedl and Watershed3 againstthe control
watershedWatershed®. Using this regressiorrelationshipto examinepost-harvestinglifferencesin the
relationshipbetweerthecontrolanddisturbedcatchmentstheyindicatea significantincreasen summetow
flow responsdollowing harvestingfor both watershedsln their developmenbf regressiorrelationships,
Hicksetal. (1991)includethe‘road only’ periodin Watershed, from April 1959to August1962,in thepre-
disturbanceperiod.Givenourinterestin theeffectsof roadson seasonalow, we repeathisregressionsing
only the pre-roadperiodof recordfrom 1954to0 1958.

Tablell summarizesesultsfrom alinearregressioranalysighatrelatesannualoutflow from Watershe®
with the controlwatershedor the pre-treatmenperiod.A reasonabl@-valuewasobtainedalthoughthe pre-
treatmenfperiodfor which datawereavailablewasrelatively short(four years).Regressiomesultsdiffered
fromthoseobtainedby Hicksetal. (1991),alsoshownin Tablell, andillustratethe contributionof theperiod
of roadconstructionaspart of the pre-treatmenperiod.

Figure10aplotstheresidualdor Watershed® basedon predictionsof annualoutflow from Watershed.
Roadconstructionbeginsin 1959andharvestingin 1963.The residualsshouldindicatethe impactof this
disturbanceAs expectedollowing harvest,observedannualoutflow was greaterthan predictedfrom the
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Figure 8. Spatial distribution of differencesin saturationdeficit (mm) and evapotranspiratiofmm) below the road due to road
constructioneffects;for 22 July 1959

unloggedwatershedIncreaseof approximately25 per centoccurredwith someinter-annualvariability.
Model resultsalsoshowa significantthoughsmall gainin annualoutflow following harvestin Figure 10b.
Resultdor theroad-onlyyears(1959-1963)however contradictmodelresults Residualshowadecreasin
observedannualoutflow relativeto what was predictedfrom the control watershedA decreasén outflow
associatedavith roadconstructions unexpectedjiventhe conceptuamodeldiscusse@bove which predicts
increasesor negligible changesin annualoutflow for all road constructionscenarios.Summeroutflow
residualsveresmall (<5 percent)andshowno consistenpatternduringtheroadconstructiorperiodprior to
harvestTo assessvhetherthe decreasén relativeannualflow for the 1959-1963eriodwasdueto climatic
factorswerepeatedheregressiormnalysidor Watershed.. Watershed washarvestedn 1963with no prior
road construction Residualsfor Watershedl do not show any significant changesduring the 1959-1963
period.

Figurellillustratesmodelpredictionsof annualoutflow, usinga 0-5 m cut depthandrouting all roadsto
lowestwetnessndexareabelowthe road. This roadconstructiorscenaricservesasthe lowestoutflow end-
memberof ourconceptuamodel.Evenin thisend-membecasethemodeldoesnot capturereducedutflow
effects shownin the road constructionperiod using the observeddata, but it doesreproducea similar
augmentatiorof outflow dueto forestremovalafter 1963.

CONCLUSIONS

Resultsfrom the modelling studyof Watershed illustrate the potentially complexinteractionsnvolvedin
watershedesponsdo road constructionas part of forestharvesting Resultsfrom thesesimulationsfocus
attentionon the spatialandtemporalpersistencef changesn downslopesoil moisturedueto thererouting,
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Tablell. Least-squarebnear regressiorresults(with control watershedWatershed?)

Scenario Regressiommodel R? p-value
Annual wateryield (mm) .
FromHicks etal. (1991)for W3 (1953-1962) W3=0-839 W2+ 11053 0-94 <0-001
W3 (1954-1958) W3=0-75 W2 4 27599 0-96 0-017
W1 (1954-1958) W1=111W2+ 3845 0-98 0-007
Summerwateryield (mm) (July to September) .
FromHicks etal. (1991)for W3 (1953-1962) W3=0-861 W2+ 1143 0-63 0-006
W3 (1954-1958) W3=1.043 W2+ 559 0-77 0-1216
W1 (1954-1958) W1=047W2 +4.95 0-62 0-28

W1, Watershed ; W2, Watershe®; W3, Watershe®

concentrationand potential diffusion of flow interceptedby the road. This persistenceaneansthat the
reroutingof waterthat occursduring particularwinter stormshaseffectson the hillslope responseo later
stormsand summerhydrologicresponseincluding low flow andevapotranspiration.

The mostsignificant effectswere found for patternsof spatially distributedsummersoil moisture.This
study suggestghat road constructioncan producea significant reductionin downslopesoil moistureand
associatecevapotranspiration local areas.Reductionin evapotranspiratiorran in turn have ecological
effects on forest health and productivity. Reductionin regrowth and/or low flow both have forest
managemenimplications. Theseresultsoffer impetusfor a field-basedinvestigationof road construction
effectson harvestedareasbelow roadsin water-limited environmentsln future work, we plan to usea
combinationof modellingandfield surveytechniquego assesshe potentialfor reducedrecoveryin these
areas.
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Figure 10. Annual outflow differencedueto roadsfor Watershed. (a) Residualgobserved-predicted)for empirical relationship

basednWatershe® andWatershe. (b) Simulateddifferenceqsimulationswith forestharvestingandroads(5 m cutdepth;routing
to the stream)—baselinenharvestedgimulation)
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Figurell.Annualoutflow differencedueto roadsfor Watershed: simulateddifferenceqsimulationswith forestharvestingandroads
(5m cut depth;routingto lowestwetnessgndex)—baselineinharvestedimulation)

The spatialand temporalpersistenceof road constructioneffectson downslopesoil moisturealso has
implicationsfor runoff responsealthoughtheseeffectsarelesssignificant.In our modellingstudy,it appears
that roadscanincreasedaily flow for somestorms,which is consistentwith findings from field research
(JonesaandGrant,1996;Wright etal., 1990)thatshowthatincrease# peakflow mayoccuronly for specific
storm events.Empirical comparisondetweenobservedoutflow from Watershed3 and Watershed® also
offer evidenceof a winter recoveryeffect, whereroad effectson outflow vary for different winter storm
eventsandduringwinter inter-stormperiods.The compensatiofy downslopeareadistinguishesncreased
routing efficiency dueto roadconstructiorfrom anincreasen streamdrainagedensity. Becausetreamsare
locatedatthe bottomof hillslopedrainagenetworks theydo notimpacta downslopearea.Roadsgiventheir
relative hillslope position, do havethe potentialto impactdownslopeareas Simulationsheresuggesthat
theseeffectscanhavesignificanteffectson theredistributionof soil moisture flowpathsandsourceareasor
runoff. Theseresultsalsoillustrate the importanceof the timing of the processeivolved in creatingthe
overall effect of road construction.

Simulationsalsoillustratethedegrego which roadconstructioreffectsaremediatedoy roadcutdepthand
roadroutingcharacteristicsThe hydrologicimportanceof caseswhereroadsarehydrologicallyconnectedo
thestreameitherdirectly throughculvertsor throughgullies,hasbeenmotedby otherresearcher@Vempleet
al., 1996).Thesesimulationssuggesthatthe concentratioror diffusion of subsurfacdlow, ascontrolledby
theroadsystemdrainagepattern may alsohaveeffectson soil moistureandrunoff production althoughthe
magnitudeof effectsis muchsmaller.Theseresultsmaybemoredramaticin drier, moresensitiveregionsand
suggestthe needfor field researchto collaboratesimulation findings. Further study will examine soil
moistureboth immediatelybelow road cuts and further downslope for both different cut depthsand for
different road culvert drainage patterns (i.e. diffusion:culvert routing to low wetnessindex vs.
concentration:culert routing to high wetnessndex).

Finally, comparisonsbetweenthe modelled responseand observedresponsesndicate that there are
additional controlling processeghat are not capturedby our conceptualmodel. Although the statistical
significanceof theobservedelationshipsvassmall,theobservedelationshipgoetweerthecontrolwatershed
and the harvestedwatershedillustrates an annualreductionin outflow associatedwvith roads.Seasonal
comparisongurthersuggesthatthisreductionrelativeto the pre-harvestingeriods occurredmainly during
thelate winter andspring.We suggesseveralpossibleexplanationgor this discrepancyetweerthe model
andpairedcatchmentelationshipsThe simulationsindicatethe complexrole playedby the combinationof
increasedirainageefficiency during a stormandthe delayedeffect of a reductionin downsloperecharge.
Observedesultsmayindicatea greateranddisproportionatémpactof the downslopereductionin recharge.
Hysterisiseffectsin thedownslopeareacouldaccounfor this effect,allowing morewaterin downslopeareas
to belostdueto evapotranspiratiom the casewherewateris channelley theroad,particularlyduringthe
spring period when soil moisturedrawdownfrom saturationtendsto occur. Similarly, reducedsaturation
levelsin downslopeareashelowthe roadmayhavea non-lineareffecton outflow responseAlternatively, it
may bethatroadsalsoactasterracesholdingsomeof theinterceptediow in surfacestoragewhichis then
lost asevaporationFurtherfield investigationis necessaryo examinethesehypotheses.
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