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Abstract

The extent and timing ofmanyriver ecosystenfunctionsis controlled bythe interplay of
streamflow dynamics withthe river corridor shape and structurdowever, most river
managemenstudies evaluate the role of either flow or form without regartheir dynamic
interactions This study develops an integrated modeling approach to askasges in
ecosystenfunctionsresulting from differentiver flow and formconfigurations. Moreover, it
investigates the role of temporal variability in sdicw-form-functiontradeoffs.The use of
synthetic, archetypalhannel formsn lieu of highresolution topographic dataducegime
and financialrequirements, overcoraesite-specific topographicfeatures, andallows for
evaluationof any morphological structure of interesin an application to Californias
Mediterranearmontare streamgsthe interacting roles o€hannel formwater year type, and
hydrologic impairmentwere evaluatedicrossa suite of ecosystem functions related to
hydrogeomorplhu processes and aquatighitat. Channelform acted as the dominant control
on hydrogegomorphic processewhile water year typeontrolledsalmonidhabitatfunctions.
Streamflowalterationfor hydropower increasetedd dewatering risk and alteredjuatic
habitat availability Study results highlight critical tradeoffs in ecosystem function
performance and emphasitte significance of spatiotemporal diversity of flow and form at
multiple scales for mainiiaing river ecosystem integrity.he proposedapproach is broadly
applicable and extensible to other systems and ecosystem functions, finbdergs can be
usedto inform river management and dgs testing

1 Introduction

Rivers are complex, dynamsystems that suppamany naturaécosystem functions
including hydrogeomorphic processes #mel creation and maintenanceagfuatic and ripaan
habitat(Doyle et al. 2005)The extent and timing of thefactionsis largely controlled byhe
interplay offlow, described by streamflomagnitude, timing, duration, frequency, antbraf-
changgPoff 1997) andform, described byhe shape and composition of the river corridor

(Small et al. 2008; Pasternack et al. 2008; Worthington et al. 2014; Wohl et al. 2015; Vanzo et

al. 203). In spite of this complex interplayostenvironmentativer managemergtudies
evaluate the role of either flow or form without regéordtheseinteractions.

Thefew studieghathave effectively examined flowform interactions related to ecosystem
functionshighlight the scientific and management value of such anallysesstance, by
evaluating the potential for shallow water habitabaththe historic and current lower Missouri
Riverunder alternativBow regimes Jacobson and Galat (2006jormedrestoration priorities
for theriver. However, this and similar studiéBrown and Pasternack 2008; Price et al. 2013;
Gostner, Parasiewicz, et al. 20H8gsite specific, limiting their applicability to th@ange of
flow and form settingexhibitedby a given hydroscapeach combinationupportingdistinct
ecosystem function¥/anzo et & (2016)offer an exceptionn their evaluation oécohydraulic
responsgto hydropeaking over spectrunof existing and proposeitbws and formsSee
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Supplementary raterials section 1 for more details on the fifmsm-function conceptual
framework.

Utilizing archetypathanneformsin lieu of detailedsite-specific datasetallowsfor the
evaluationof alargerrange of flowform settingswith limited data and financialkequirements.
An archetypeefers toa simpleexampleexhibitingtypical qualities of a particular groupithout
thefull locd variability distinguishingnembers of the same gro(@ullum et al. 2017)An
archetypebased analysisf the Yuba River, Californiayasemployedoy EscobarArias and
Pasternack (2011yvho evaluated salmonid habitat conditions acansBetypal 10cross
sectionsAn emerging technique for synthesizidigital terrain model¢DTMSs) of river
corridorsusingmathematical function@rown et al. 2014provides an opportunity texpandon
thework of EscobarArias and Pasternack (201tb)evaluate2D hydraulicresponsecrossany
channebr floodplain morpholoyg of interestwithoutamajorincrease irdata requirements

Theapplication of synthetiDTMs to the evaluation afiver ecosystem performance
bypasgsdata constraints of previostudiesthrough the ability to directly generate
representations dfistoric, existingpr proposednorphologiesvith userdefined geomorphic
attributes Synthetic river corridordiave been used &valuate controls on riffipool salmonid
habitat quality and erosion potential as well atesd theoccurrence othe hydrogeomorphic
mechanisnof flow convergence routingcrossa range oairchetypamorphologiegBrown et al.
2015) but have not yet beapplied to the development e€ohydrauliadesign criteriaAt the
rapid rate of rivehabitat change and biodiversity Iqssagilligan and Nislow 2005)he ability
to design and compare teeohydrauligperformance of distinct mphologies withrelevance
beyond an individual study site to an entire watersitedgionwould offer a powerful tool to
support the design of functionargescaleriver rehabilitation measures

1.1 Study objectives

This studyappliedsyntheticDTMs of archetypal rivemorphologiesdevelopedat the
regional scaldased oran existing channel classificatidin the evaluation afegionalflow-
form-functionlinkages The authorsnvestigate theommonnotions of flow- andform-process
linkages, inwhich differentflow regimes ananorphologies are assumtmsupport distinct
hydrogeomorphic process(Montgomery 1997; Poff 1997; Kasprak et al. 20T6)e overall

goal of the study is teestwhetherarchetypatombinations of flow and form attributes generate

guantifiablehydraulicpatterns thasupportdistinctecosytem functios. The study objectives
are to(1) generte synthetidTMs of distinctriver corridorarchetypesnindful of patterns of
topographic variability necessary to ecogeomorphic dynarfiyevaluate thepatiotemporal
patternf depth and velocitacrosshearchetypal DTMdrom objective ongand (3) quantify
the performance of a suite aftical ecosystem functions across alternative ffown scenarios
The specificscientific questions addresseulough these objectiveseas follows:(i) Do



92 archetypaliver corridormorphologiesupportdistinctecosystem functionsr ismore or

93 differentlocal topographiovariation within archetypeseede@ (ii) What is the significance of

94  subreackscale topographic variability in river ecosystem functioni)?What is the role of

95 water year type ahhydrologicimpairment?iv) What ecosystem performance tradeoffs can be
96 identifiedwith relevance for environmental water management?

97 1.2 Case studysetting: Mediterranean-montane rivers

98 Mediterraneammontane river systemsehich exhibit cold wet winters andarm dry

99 summersprovide a useful setting for evaluatifigw-form interactiondecause they exhibit
100 significant variability to tessystemsensitivity to different driver§Gasith and Resh999) In the
101 California Sierra Nevada, USAativeaquatic and riparian species are adapted tobitte
102 stressege.g., reduced water quality in summanyd diotic stressege.g., high shear stress
103 during winter floodshssociated witthe highly seasonal flow regime that depend offow-form
104 interactionsSalmonideggs for example, requirsufficient inundation depths and intragravel
105 flows in certain channel locatiomsiringbiologically significantperiodsto survive(USFWS
106 2010a) Sierra Nevadaivers have beehighly altered by dams and reservoir gems for water
107  supply, flood control, and hydropowgianak et al. 2011 drivingdramatic declines in native
108 aquaticpopulationgYoshiyama et al. 1998; Moyle and RandeB8; Yarnell et al. 2012pee
109 Supplementary materials section 1.2 for more details.

110 2 Methods

111 Themethodologycan besummarized byhreestepg(Figure J). First, a set ofsynthetic river
112 corridorDTMs is generatetb represent channel types framexisting channel classification
113 (Section 2.1pndasetof hydrologicscenarioss selected for evaluatigisection 2.2)Next, a
114 2D hydrodynamic modgSRH-2D (Lai 2008] is used tasimulateecologically relevant

115 hydraulic parameters [ERHPsenswanzo et al. (2016 )or eachflow-form scenariqSection
116 2.3, 2.4) Finally, spatiotemporal patterns ERHPsare used tevaluatehe performance or
117 occurence of a suite of ecosystem functi¢8ection 2.5undereachscenarioEach of these
118 steps is described in depth in the following paragraphs.
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120 Figure 1. Major steps used to quantify ecosystem function performance across archetypal channel forms
121 and hydologic scenarios, with step numbers associated with text above. Key inputs and outputs are
122 bolded and modeling tools are blue parallelograms.
123 Specifically, sele@dstreamflow time serieglows) andriver corridorDTMs (forms)are

124  input to a 2Dhydrodynamianodelto producea continuum of hydraulic rastefise., depth g),

125 velocity (v), shear stres4){ for a modelediver corridorat each modelefiow stage For each

126 model run, a set of ERHRstes [e.g.,Shieldsstresq1")), indices incoporating both depth and
127 velocity d-v)] is calculated fronmydraulicmodelrasteroutputs Finally, atialand temporal

128 statistics characterizing ERHP outputs are used first ta@eamodel results in terms @épth

129 and velocityat bas#ow (0.2 xbankfull), 50% exceedance, and bankfildws, and then to

130 quantify the performance of distinct ecosystem functiBasikfull discharge, defined as the flow
131 that just reaches the transition between the channel and its floodplain, was estimated from the
132 channel geometry as described in Section Zemporaldynamicsareevaluated § integrating

133 ERHPspatialstatisticsover each hydrologic scenafiBarasiewicz 200&uch that not only the
134 magnitudebut alsothetiming, duration, andrequencyof ecosystem functions cée evaluated
135 depending on thparticulartemporal equirementsThe resultingannualtime seriesrepresenthe
136 temporalpatternof the2D hydraulicresponsén a specificDTM for a singlehydrologic

137 scenarioThis process idetailedin Supplementary materials section 2.

138 Theexperimental design involveaiseries of.6 hydraulic modefuns under steady flow

139 conditions, simulatingwo river corridormorphologies across eight dischargpanning

140 baseflow(0.2x bankfull) to twice bankfull flow stagesThe decision to evaluate proportions of
141  bankfull flow wasdriven by the established geomorphic and ecological significance of bankfull
142 flow in the literaturgWolmanand Miller 1960; Doyle et al. 2005; Richter and Richter 2000)
143  Further, scaling flows by a common rdimensional metric allows for readevsrldwide to
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evaluate these results relative to the setting in their loc@ilityseeightdischarges dicretizel

the daily flow regimegvaluatedo simplify temporal analysisAll simulated combinations were
designedo reproduceealistic archetypal flow and form conditions in Mediterraneamtane
river systemdor two chanrel typesof interest plane bed and poaiffle (see section 2.1A
rigorous scaling approach to compare the full range of possible configurations wes thesi
scope of the current studihe following sections describe the flow regim@ger corridor
morphologieshydraulic modeling approachnd ecosystem functions considered.

2.1 Synthetic river corridor morphologies

Two archetypaltiver corridormorphologiesdistinguished in the Sacramento Basin channel
classification byLane, Pasternack, et al. (201v@re considered in this studg a prooff-
concept semiconfined plane & andsemiconfinedpootriffle. These morphologies were
selected for their common occurrence in feidvation montane environmerfddontgomery and
Buffington 1997; Wohl and Merritt 2008ndtheir similar channeldimensions and slopes
contrasted by major differences in subreachletopographic variabilityAn existingfield data
drivenchannel classification for the Sacramento Bélsane, Pasternack, et al. 20bfpvided
the parameter vaés needetb synthesize the two archetypal morphologesantified as the
median fieldsurveyel values for each channel type.

DTMs of the investigated channel typgere generatedsing the synthetic rivemodel
developed byrown et al. (2014)Below, we brieflyprovidethe equations vital to understang
theDTMs created in this studyrhe goal of the design procesasto capture the essential
organized features of each channel type so that their functionalities can be evaluated in a
reduwctionist approach without the random details of real river corridors#uate highly
localized effects.

2.1.1 Reachaverage parameters

The synthetic riverapproach first creates a reaaberagediver corridorthat is scaled by
reachaveraged bankfull width)( ) andbankfulldepth("Q ), with median sediment sizB4p),
slope §), sinuosity, and floodplain width and lateral slope as-dséned input variables-or
eachsynthetic riverscenario 140 longitudinal nodeserespaced at 1 m~1/10 bankfullchannel
widths)

2.1.2 Channel variability functions

Next, this approacicorporatesubreackscale(<10 channel widths frequencigpographic
variability because manlgydrogeomorphic processes of ecological significatepend on
specific patterns dbpograjic variabilityandassociatethabitat heterogeneifyjMacWilliams et
al. 2006; Poff and Ward 1990; Scown et al. 20T8g local bankfull width at each location
along the channgh @& his given byEq. 1 as a function of reachveraged bankfull width
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and a variability control functioiQw , with a similar equation used to charactexiedical bed
undulation that incorporates

0 & 0 zZQd 0 [1]

There are many available mathematical and statistozatolfunctions that may be used to
describe archetypal river varialyliiBrown and Pasternack 2016&)pr this study, he variability
of 0 andQ about the reachveraged values was determined by a sinusoidal funetson,

Qw HOEbw 0 [2]

wherec , G hand'Q are the amplitude, angular frequency, and pkha#ealignmentparameters
for the sinusoidal componemgspectively, and is the Cartesian stationing in radians. The
Cartesian stationing was scaledlby so that tie actual distance was given@y=w 2 0

The sinusoidal functioalignmentparametersvereadjustedterativelyto achieve desired values
for 'Q , width-to-depth ratio § Q ), sinuosity, and the coefficient of variati¢@V) of 0

and’Q based orplane bed and powiffle channel classification enetypegLane, Pasternack,
et al. 2017)Floodplain confinementhe bankfull to floodplain widtinatio, was used to set
valley widthand overbank topography

Because river alssificationdraditionally aim to capture the central tendentyiver typesat
the reach scaJehey contain little to no information on subreadaletopographiovariability
and landform patterninl.ane, Pasternack, et al. 201This study usedutputs froma channel
classification thatvas unique in includingtatistical characterization etibreactwidth and
depthvariability using the metric o€V, based on th average and standard deviation of field
derived valuegLane, Pasternack, et al. 201Hpwever there remainedumerousdndform
patterning permutationssing the ontrol function parameters of Eq.tRat could yield thos€V
values, manwassociated witprofoundly differengeomorphigrocessedn these cases, field
experience and judgment informed the design of topographies capable of supporting the
dominant geomorphic processes of each channel type as outlined in the classificatidrostudy.
example, for the poaiffle system, minimum depthnd maximum width were made to
positively covary in the DTM to represent this patterr(iBgown and Pasternack 2016)

2.2 Flow regimes

Four hydrologic scenaricsharacteristiof themixedsnowmelt and raiflow regimetypical
of Mediterranearmontane systemsere evaluate(lLane, Dahlke, et al. 201 Animpairedwet,
unimpaired dry, keredwet, and alteredry annualflow regimes(Figure 2. Daily streamflow
time series forwo mid-elevation gauge stations in the western SiemaddaCalifornia were
chosen to represetitesearchetypaflow regimes under unimpaired (North Yuba Riveelow
Goodyears Barand altered (Newolgate Powerhou¥eonditions(see Supplementary materials



214  section 2.Zor map of gage locationsyhese gauges lie within similar physioclimatic and
215 geologic settingandprovidedaily streamflow timeseries for both an extremely wavy 201Q
216  >75" percentile annual streamflgyand an extremely dry’{Y 2014 <25" percentile annual
217 streamflow wateryear.The New Colgate Powerhouse gage captiyi@sal hydropeaking
218 patternof Sierra Nevada streamiBhe 50% exceedance floie each lydrologic scenari@are
219 23.3,5.0,19.2, and 18.5%= forthewet unimpaired, dry unimpaired, wet altered, and dry
220 altered scenarios, respectively.
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221
222  Figure 2. Four hydrologic scenarios were considered: unimpaired wet, unimpaired dry, altered wet, and
223 altered dry. Graphs illustrate unimpaired and altered daily time series of (a) streamflow and (b)

224  discretized proportions of bankfull flow based on stdigeharge thresholds from Table 1.

225

226 2.3 Hydraulic modeling

227 The surfacevater modeling system (SMS; Aquaveo,d,lProvo, UT) user interface and
228 Sedmentation andRiver Hydraulics Two Dimensional (SRF2D) algorithm(Lai 2008)were
229 used to producexploratoryhydrodynamic model®r eachflow-form scenarioSRH-2D is a
230 finite-volumenumericalmodel that solves the Saint Venant equationghierspatial distribubn
231 of water surface elevatiomaterdepth velocity, and bed shear strestseach computational
232 node.lt can handle wettingfying andsupercritical flowsamong other featureShe parametric
233 eddy viscosity equation was used for turbulence clogupeefficient value of 0.kuitable for
234  shallow riverswith coarse bed sedimenwis used in that equatiol.computational mestith
235 internodal mesh spacing of 1(nelative to a channel width of 10)iwas generatefbr each

236 syntheticDTM. Because this study was purely exploratory, using numerical models of
237 theoretical river archetypes, no calibration of bed roughness or eddy viscosity was possible.
238 Similarly, no validation of model results was possible.



239 The model requirethputs of dischageand downstrearflow stageas well as boundary

240 conditions ofbed topographgynd roughnesg&ight model runs for eaamorphologycapturethe

241 dischargaange of 0.2 2.0x bankfull flow stage(Table 1), where bankfull flow stage ihe

242  water surface elewian at whichflows spill ontothe floodplain The specificsimulateddischarge

243 valuesassociated with thestagesvere estimated for eachorphologyu si ng Manni ng’ s
244  equation based on representative csmgionf the synthetic DTMsBankfull stage and

245 wetted perimeter were determined manually from the eesBonsandcrosssectional area

246 was calculated using the trrwagsetat®4tarapteseatppr ox i m
247 typicalunvegetated gravel/cobble surface rough&bs-Aly et al. 20.4).

248 Tablel. Simulated channel archetype discharge values for2@times bankfull flow stage
249 cal cul ated from Manni ng’-discramgaitidshold estimatesfat theNotho c i at e
250 Yuba River.

Simulated discharge N. Yuba Riverdischarge

Fraction of  Plane Bed PootRiffle Stage- discharge
bankfull flow (m3/s) (m3/s) threshold (m3/s)
0.2 1.3 1.2 2.8
0.4 6.8 4.5 14.2
0.6 17.7 9.7 22.7
0.8 28.7 17.8 28.3
1.0 58.2 27.7 56.6
1.2 95.5 64.3 85.0
15 164.4 139.9 113.3
2.0 310.3 338.1 141.6

251

252 2.4 Hydrological scaling

253 Finally, in order to scale the real stredom time series to the synthetic DTMstage-

254  discharge relationshiggeneeded to associagach of the eightow stagesimulatedn the

255 hydraulic mode(Table 1)with theactualdischarge required to fill thidorth Fork Yubaiver
256 channetlo that flow stageln the absence dbcal stagedischarge relationshipthese thresholds
257 wereinsteadestimatednanually Table 1 final column)with the aim ofretairing archetypal
258 hydrologic characteristicsf interest Specifically stage thresholds were set sothe wetyear,
259 theflow stagetime seriesremained at or above bankfull during winter steandthroughout the
260 spring snowmelt recessiavhile, in the dry yearflow stagerarely exceedetankfull and spent
261 the majority of summer at base flohhe estimated stagedischarge thresholdgerejustified by
262 the ability of thediscretized flow regimegFigure 20) to retain these hydrologic patterns

263 exhibited by the wdiscretized flow regimed~{gure 2. However, theethresholds are

264 estimates and should not be considered as ultimatdéddog@form river managemem major
265 assumption of this approach is that the flow stage discretization espillsignificant spatial
266 hydraulic patterns in the river corridor relative to the functiordeugonsideration in this styd
267 (see Supplementary materiéds more details).
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2.5 River ecosystem functions

Five Mediterranearmontanescosystem functions werersidered, associated witivo
major components afver ecosystem integritytydrogeomorphigrocesseandaquatic habitat
(Table 3. Theperformance of these functions was tested based on the following criteria: (1) a
longitudinal shift in the location of peak shear stiassigh flows from topographic highs to
topographic lowsvas used to test the occurrencél@v convergence routingagdominant
geomorphic formation and maintenance process in certain chéitaalgVilliams et al. 2006)
(2) a measure dfydrogeomorphiwariability was used to quantify overall habitat hetgenoeity
in the river corrido(Gostner, Alp, et al. 2013and (3) fallrun Chinook salmon habitat was
evaluatedvith respect to (a) bed preparation and (b) bed occupation functions based on
establishedhear stress thresholdsd biologically significant timing threshol@&scobarArias
and Pasternack 20183 well as (cjedd devatering riskduring bed occupatioffhese functions
were evaluated using a Python script that enabled rapid evaluation of model outputs over the
specific spatieéemporal constraints.

Tablel. The five river ecosystem functions ewatled in this study and their associated ecologically
relevant hydraulic parameters (ERHPSs), biologically relevant periods, and spatial extents.
Biological

E m Function ERHP ; ial Exten itation
cosystem Functio (s) Period Spatial Extent Citations
Hydrogeomorphic processes

Flow convergence routing shear stress -- bankfull channel MacWilliams et al. 2006
Hydrogeomorphic diversity velocity, depth -- river corridor Gostner et al. 2013a

Aquatic habitat
Salmonid bed preparation shear stress Oct—Mar  bankfull channel EscobafArias and

. . Pasternack 2010
Salmonid bed occupation shear stress Apr—Sep bankfull channel

Redd dewatering velocity, depth Oct—Mar spawning channe USFWS, 2010b

2.5.1 Flow convergence routingnechanism

Flow convergence routing, thermlic reversal of peakhear stres®cation, isoften
considered critical to poaiffle maintenancgWhite et al. 2010)The Caam@o criterion
(Caamario et al. 2009)as used to estimatke minimumriffle depth needed faa reversal to
occurin each archetypal morphologihis mechanisnwas furtherevaluatedased on the
presencef ashift in peak shear stress from topograptide-highs (riffles) tonarrowlows
(pools) whichindicates that the locatiosof scour and deposition aperiodicallyshiftedin the
channeko maintain the relief between riffles and po@sown and Pasternack 2014)

2.5.2 Hydrogeomorphic diversity

Thehydromorpholayical index & diversity (HVIID) (Gostner, Alp, et al. 2013yas used to
qguantify overall physical heterogenedf/theriver corridor as follows, where the coefficient of
variation (CV) is the standard deviationd#pth or velocitydivided by itsmean



296 ‘00 00 p 6w zp 0w [3]

297 Threetiersof HMID were delineated dsllows: HMID <5 indicates simpleuniform or
298 channelized reaches; $#MID <9 indicats atransitional range fromaniformto variable
299 reachesHMID >9 indicatesmorphologicallycomplexreachegGostner, Parasiewicz, et al.
300 2013) To date, no studies have applied this inttearchetypal terrainso this is a novel
301 applicationto further understand its valire quantifying ecosystem functiorBercent

302 exceedance curves of HMI@rovided graphicalepreserdtions of he temporal patterns of
303 hydraulic diversity under alternag flow-form scenarios

304 2.5.3 Salmonid bedccupation andpreparation

305 Ecosystenfunctions related tealmonidhabitat can be split into bed occupation functions,
306 which occumwhile the fish aralirectlyinteracing with thechannebed (i.e. spawning,

307 incubationand emergence), and (2) bed preparation fungtiwhish occurbetween occupation
308 periodsduring migration([EscobafArias and Pasternack 2012 stable bedindicated by dw

309 shearstresstf{<t ), is needed to minimize scour during bed occupdfidet— Mar), while

310 high shear stress capablenabbilizing the active laye¢t* IS necessary to rejuvenate the
311 sedimenduring bed preparation (AprSep (Soulsby et al. 2001; Konrad et al. 2002¢e

312 Supplementary materials section 2.5.4 for more details.

313 Bed mobility transport stagekelimitedper-pixel by nondimensionaboundary shear strees
314 Shields stresgl”) thresholdgJackson et al. 2015)ere used tguantifythesebed occupation
315 and preparatiofunctions according to the following equation

316 A — [4]

317 wheret is bedshear stress
318 T "0 [5]

319 based on water density () and shear velocitg® Y 6 , whereYis depthaveraged velocity
320 for an individual pixeand6 is thedepthbaseddrag coefficien{Pasternack 2011}" therefore
321 variesspatially andwvith dischargeas a function oflepth and velocityFor the present

322 appication a stable bed is assumed whHér0.01, itermittent transport when 0.01<0.03,

323 partial transport when 0.03<<0.06 and full mobilitywhen 0.064° <0.10(Buffington and

324 Montgomery 1997)At eachdischargethe areal proportion of each bed mobility tier occurring
325 in theriver corridor region of interesian be calculatedrunction performancis thenquantified
326 through time as the cumulative proportion of the channel providing functional bed mobility
327 conditions during biologically relevant period®&esultsarethenbinned such thdow, mid, and
328 high performanceareassociated witld-25%, 2575%, and75-100% performancd=or example,
329 atleast 75% of the channel area must exhibit partial or full bed mobility on average over the bed
330 preparation period to achieve high bed prepargieformance.
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2.5.4 Redd dewatering

Salmonid redd dewatering is a major concer Sierra Nevada streamsanaged for
hydropowerlUSFWS 2010h)Reductions in flow stage exposing the tailsaitl reductions in
velocity diminishing intragravel flow through the redd can dramatically reduce the survival of
salmonid eggs and pemergent fryHealey 1991; USFWS 201Qb)his study focused on fall
run Chinook salmon@ncorhynchus tshawytschas an impdant species in Sierra Nevada
streams. Redd dewatering risk was measured as the areal proportion of viable spawning habitat
with depth below 0.15 m and/or velocity below 0.09 m/s duringtteipation period
[incubation and emergence period (Bddar) (USFWS 2010L4) Viable spawning habitat was
defined according to USFWS as the portion of the bankfull channel/aliblgity from 0.1- 1.6
m/s and depth from 0.151.3 m at 0.4x bankfull stage, the most common stage experienced
under unimpaired conditions during the spawning period {@gtc) (USFWS 2010a)

2.6 Holistic ecosystem functions analysis

There is limited guidance available in the literature regarding how bestlt@m&vand
visually representhe environmental performance of rivers across a suite of ecosystem functions.
The question of how best &valuate environmental performance using individual metrics or
functions is well established (CITE). The broader wetsources management literature offers
several summary performance indices that could be applied to this new setting. For example, the
water resources management sustainability if8exdovaiSolis et al. 201Qwhich evaluates
different water management policies by summarizing across metrics of reliability, resilience, and
vulnerability, could bepplied as a summary index of environmental performalrcthis study,
we created a graphic that aligns all of @o@systenfunctions in one table to visualitiee
performance oé suite ottemporally varyingunctions simultaaously.

3 Results

Thesynthetic DTMresuls are presented firgstudy objective 1)Then thehydraulic
modelingresultsare discusseith terms ofdepth and velocity patteriistudy objective 2)
Finally, model results anesed tanterpretthe performance ofive ecosystem fuctions(Table 2
across alternative floviorm scenariogstudy objective 3)

3.1 Synthetic digital terrain models

Two 140 mlong synthetic DTMs were generateegbresentingrchetypamorphological
configurations of semtonfinedpoolriffle and plane bednorphologiegFigure 3) These DTMs
exhibited distincteachaveraged attributes (e.&,w/her, andDso) (Table &), subreactscale
topographic variability (e.g., CV), and proportions of the river corridor exhibiting positive and
negativegeomorphic couwdance structureS3CS9 (Table ). Thesinusoidafunction
alignment parameters used are listedable . The resultingnorphologiesexhibited major
differences in subreae$cale topographic variabiligsillustrated by thelanform and



367 longitudinaltopographic patterris Figure 3.The bankfull channel area was 868imthe pool
368 riffle and 1,041 rin the plane bed DTM.

369 Table2. (a) Channel and floodplain geomorphic attributes and (b) control function alignment
370 parameters uskein the design of synthetic DTMs of plane bed and-pifité channel morphologies
(a) Geomorphic Attributes (b) Alignment Parameters
Plane BedPool- Riffle Plane Bec Pool- Riffle
Channel Planform
W (M) 10 10 phase shift 0
hgr (M) 1 1 amplitude 0.8
S (%) 1 2 frequency 2 2
whge 10 10 |Bankfull Width
Dgo (M) 0.2 0.1 phase shift n/ 2 3
sinuosity 1.1 1.1 amplitude 0.01 0.5
CVwge  0.01 0.35 |frequency 2 3
CVHg:  0.03 0.18 |Bed Elevation
+ GCS (% 55 86 phase shift 0 2.7
-GCS (% 45 14 amplitude 0.04 0.35
Floodplain frequency 2 3
confinemen 0.5 0.5 Floodplain Outline
lateral slop:  0.80% 0.80% |phase shift 0 0
width (m) 16 16 amplitude 0 0.5
Dgo(M)  0.03 0.03 [frequency 1.5 1.5
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Figure 3.Two archetypal river corridor morphologies were evaluated, plane beBYAnd poolriffle (E
- H). The synthetic DTMs (B and G) are shown overlaid by their bankfull channel boundaries, where dark
red is high elevation and dark blue is low elevatioripfeéd by their longitudinal profiles (C and H).

3.2 Spatial and temporaldistribution of hydraulic variables

Depth and velocity valudell within typical rangs for gravetbedmontanestreamsacross
base, 50% exceedance, and bankfull flasupportinghearchetypal specifications used in this
study(Richards 976; Jowett 1993Water depth rangedrom 0.0 to 2.4 m, with higher average
depthsin theplane bed than the pooffle across all three flowd he poolriffle hadlower
minimum and higher maximum depths across all flow levels, resultiatangerdepthrange
andCV. Flow velociies ranged from 0.0 t8.5 m/s, exhibitinga similar pattern to depthetween
morphologieswith higher average and minimum velocities in the plane bed acrdss all
discharge stagen contrast with depthowever,at bankfull flow maximum velocity was
significantlyhigher in the plane bed than the pafle, resulting ina highervelocity CV. The
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HMID was substantially higher at ba$sw than higher flows, and was more than twice as high
in the poolriffle asin the plane bed at bad®ow.

Time series jots of hydraulicsummary statistgillustrate thedaily temporal variability of
depth and velocitpver thefour hydrologic scenario@-igure 4. A reversal inthe maximumCV
of velocity from the poolriffle to the plane beds evidentduringspring in thevet unimpaired
scenario anduringsummer in the wet altered scenagorresponding witlvery high
maximumvelocity in the plane be® G m/s) The remainder of seasons and water year types
exhibithigher hydraulic variability irthe poolriffle, with the largest differences in G¢curring
at low flows.
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Figure 4. Annual time series plots of maximum, average, and minimum (a) flow velocity and (b) water
depth in plane bed and perififle morphologies over four hydrologic scenarios.

Water gepthwasmore sensitive to lowlow variationsin terms of rate of changehile
velocitywasmore sensitive tochanges irnigh flows.Thislikely occurs becausén parabolic
channel geometriethe channefills rapidly from low to bankfull flow whereasonce the
bankfull channel is overtopped, a larger flow increase is required to engender the same increase
in water deptloverthe wider floodplain stigh flow changedranslate more directly teelocity.
With regards to channel type, the padfle morphologydemonstrated an approximately linear
increase in depth with flowvhile the plane bethorphologydemonstrated a rapid increase in
depth from low flow to 0.8x bankfull and a reduced rate of incrabbegherflows. Conversely,
velocityin bothmorphologiesncreased at slow linear rate from lovflow to 0.8x bankfulflow
and then increased mutdsterin the plane bed at higher flon@nly at high flows (>1.5x
bankfull) did poolriffle velocity exhibit a stong sensitivity to flow variability. Thedendings
demonstrat¢éhat changes in the hydraulic environment due to variations in discharge were
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stronger in the plane bed than the poffle, indicatingthatpoolriffle hydraulicsare less
sensitive to chages in flowon average but instead exhibit more complex spatial patterns

3.3 Ecosystem function performanceaesults

All six Mediterranearmontane riveecosystenfunctionswere found to be controlled by
both flow and form attributes to varying extents, asstilated irFigure 5for the unimpaired
flow regime and in Figure 6 for the altered flow regime
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Figure5. Summary of temporally varying ecosystem function performance under an unimpaired flow regime
across four flowform scenarios: wet pooltriffle, wet — plane bed, dry- pooltriffle, dry — plane bed. The five
ecosystem functions evaluated are: 1. Flow convergence routing (VR), 2. hydrogeomorphic diversity (HG), 3. redd
dewatering risk (RD), 4. salmonid bed preparation (BP), and 5. salmonid bed czcB&). Tiered performance
is indicated in the key by increasingly dark shading and bimodal performance (VR and RD) is either colored or
empty. Greyed regions indicate periods of the year that functions are not biologically relevant. Base flow = 0.2,
barkfull flow = 1.0x, and flood flow = 1.5x bankfull flow as defined in Table 1.
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Figure 6. Summary of temporally varying ecosystem function performance under an altered flow regime across
four flow-form scenarios: wet poolriffle, wet— plane bed, dry pootriffle, dry — plane bed (key in Fig. 5).
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3.3.1 Flow convergence routing

The poolriffle morphologydemonstrated shear stresseversaffrom low tohigh flow, as
indicated bya Caamaéo criterionriffle depththreshold for reversal of 0.2h (approximatef
0.4x bankfull stage) anal shift in the location of peatear stressom the riffle crestto the pool
trough from base to bankfull flo(gee Supplementary materials for more detailsg existence
of a dominantlow convergence routingnechanism is fdher indicated by6% of thepoolriffle
morphologyexhibitinga positive GCS(i.e., primarilywide shallowriffles andnarrow deep
poolg. Alternatively, the plane beahorphologydid not exhibit ashear stresseversabased on
either the Caanim criterion or a peak sheatresdocation shift,andonly 55% of theriver
corridorexhibited positive5CS

3.3.2 Hydrogeomorphic dversity (HMID)

HMID was higher inthe poolriffle than the plane bemiorphologyat flowsupto 1.2x
bankfull, beyondwhich theywerenearlyequivalent That is, for a givetydrologic scenaridhe
cumulativeHMID over the yeawashigher in the poatiffle. The highestindexvalues and the
greatest differencketween the twanorphologieoccuredat the lowest flowstage(0.2x
bankfull dischargg whenHMID was twice as high ithe poolriffle. The rapid @crease in
HMID for in-channel flowsn bothmorphologieswith increasing discharg#ustrates the limited
temporal persistence ofdti diversity hydraulic habitats in all bilte lowestflow conditions.In
natural conditions, once flows spill over the barkere should be a significant increase in
HMID as topographically heterogeneous floodplains inundate. However, in the absence of
detailedfloodplainattributes from the @nnel classificationthis studyconsideregimple
floodplainmorphologiesn botharchetypes

HMID exceedance curves for each of the eight ffown scenarioprovidedinsight into
hydraulic diversity pattern@-igure?). As low flows produce higher HMIDalues in general, it
is unsurprising thanh a very dry yeaboth morphologiesxhibited high HMID for mostof the
year Underdry conditions the unimpaired flow regime provideearlytwice as many days with
highHMID in bothmorphologiesUnderthe alteredlow regime HMID was slightlyhigherin
the wet poclriffle than the dry plane bed for all flovedbovel7% exceedancdhe highest
HMID was exhibited by the poaiffle under dry unimpaired conditions (HMID=5.9),
presumably due to the combiimat of high topographic variability and extended summer low
flows. At the 50% exceedance flows of each hydrologic scenario, hydraulic diversity was more
sensitive to water year type than hydrologic alteration, and appeared to be most controlled by
channemorphology. Alternatively, at the 10% exceedance flows, water year type played a more
significant role, with the dry year exhibiting much higher HMID across both morphologies and
impairment conditions. More significantly, the temporal analysis of HMIDalexkethat, unlike
the dry altered flow regime, the dry unimpaired flow regime exhibited high HMID during the
fall-run Chinook bed occupation pericas detailed in the Supplementary materials
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Figure 7. Hydromorphic index of diversity (HMID) exceedanuaeves for (a) unimpaired and (b)
altered flow regimes under different channel morphologies and water year types.

3.3.3 Salmonid bed preparation and occupation

Significant differences in salmonid habitat performance acrossflaw scenarios were
identified framn shear stresbased sediment mobility patterfiSgure8). Under unimpaired
conditions the wet yeaexhibitedhigh bed preparatioperformance and low bed occupation
performancewhile the dry yeaexhibitedmid performance in botfunctions with reduced bed
preparation but increaségd occupation performandgnderstreamflowalteration, bed
preparation performed wedlcross water yearwshile bed occupation performguaorly across
water yearand morphologiedue toincreased sedient mobilityunderelevated low flows
duringthe occupatiorperiod Spatially, in the poatiffle channel, higher sediment mobility
occured over the riffle crests while tip@olsremained less mobile at all but flood flows.
Conversely, sediment mobilityas nearlyuniformin the plane bed channel across all flows.
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Figure 8. Daily time series plots of the proportion of the bankfull channel exhibiting different tiers of
sediment mobility illustrate the performance of salmonid bed preparation (boxgal/igh mobility
from Apr-Sep) and occupation (no/low mobility from @dar) functions.

3.3.4 Redd dewatering

Viable spawning habitat, based on depth and velocity requirements, varied between the
channel formsNearly 50% of the bankfuthannel provided viable spawning habitathe pool
riffle compared to only 31% theplane bed. Podiiffle spawning habitat was extensive and
patchy, excluding only excessively high velocity zones on the riffle crests. Alternapiaatg,
bed spawnig habitat only occurred in-2 meter bands along the wetted channel margins with
sufficiently low velocityto meet predefinedpawningrequirements

Redd dewatering risk within viable spawning habitat areas also varied significantly across
flow-form scendos. Redd dewatering risk was greater in the plane bed than theifflecht
base flow (100% vs 57% of spawning habitat) but risk was maintained across a greater range of
flows (0.2- 0.4x bankfull flow) in the poetiffle. This is because the padaffle morphology has
more gradual side slopes and the total available spawning habitat is greater. High dewatering risk
(>30% of spawning habitat) occurred only in the dry altered scenario, with very low flows
occurring throughout the redd incubati@ct— Dec)and emergenc@an— Mar) periock.

4 Discussion
4.1 The utility of syntheticriver archetypes

This studydemonstrated the ability gynthesize DTMé$rom channel classification
archetypes exhibiig distinctecosystem function performance, offering a sdieatly
transparent, repeatable, and adjustable framework fofflaw-function inquiry Specific
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geomorphic attribute valuegere accuratelyepresentetdy the synthetienorphologies
including channel dimensions, cressctionalgeometry, depth and wthl variability, sinuosity,
and slopdFig. 3). Theflow convergence routinpechanism washown to occuin the poot
riffle archetypebut not in the plane bezhe confirming that the two morphologies were

capturing distinct geomorphinaintenanc@rocesses as distinguished by the Sacramento Basin
channel clasification(Lane, Pasternack, et al. 201@nce a person understands how to produce
asynthetic DTMwith the required subreadtale variability to drive geomorphic processes and

ecological functions, then the software implements that gqeigkly. As a resulttime and
financialrequirementsre dramatically reducembmpared to doing a fieldased campaign

involving metefresolutiontopographic surveyingarametecalibration and quality assurance

proceduresThis approach therefore liberatature research to explore and isolate a larger range

of flow and form characteristidhanthose considered inélpresent studyThis is an important

first step for evaluating how different kinds of rivers function, but care should be used in
extrapolating the specific results to any specific actual channel tqogiar real river

managemenirchetypal studies pvide useful guidelines, and then local studies should be

conducted to ascertain how the mechanisms play out in their details in the local setting, possibly

including validation efforts, to the extent feasible.

To choose the correct permutationdepth ad width parameterso the synthetic

morphologiesexpert judgment was used based on field experience and understanding of how to
interpret the processes associated with different patterns of topographic variability. However,

some attributes required to ggaterepresentativéopographic attributesuch as floodplain

width variability andfloodplainlateral slope, were not available in the channel classification of
Lane, Pasternack, et al. (201This represents an important limitation of the proposed method,

because useful results for certain ecosystem fundf@gs riparian recruitmentequire better
information than is currently availablelore datasets focusing dlifferent aspects of
geomorphic variabilityat different scales would enabteoreinformed metric and parameter
choicegBrown and Pasternack 2017)

4.2 Ecological sgnificance of specific patterns oftopographic variability

The spatial and temporal distributsof depth and velocity across channenfgillustrate

differences in sensitivity to flow changes, with major implications for ecosystem functiamihg
aguatic biodiversityDyer and Thoms 2006The pootriffle morphology was less sensitive to

temporal changes in flow in termsagsociate@dhangesn depth and Vecity, but more spatial

variable, exhibiting a larger range and CV of depth and velocity values for a given discharge.

This indicates that the podffle has moresustained persistenoé hydraulic patterngnaking
many ecosystem functiotess proned t e mp o r a | witHlfluocw uaast il oonnsg
fall below the threshold fquarticularprocesseg§Gostner, Parasiewicz, et al. 2013)

Study esults support emerging scientific understanding that maeyecosystenfunctions
are controlled by subreadtaletopographic variabilitfWhite et al. 2010; Brown and

ly

as

t

he



541 Pasternack 2016; Thompson 1986; Murray et al. 2B@Guantifyingthe occurrence of distinct
542 ecosystem functions in reaches of high versustépegraphiovariability. Specifically, results

543 emphasize that is not enough to just obtain randdopographiovariability or any arbitrary

544  coherent permutation of variability, bu#therthe pattern of organized variability must meet the
545 requirements of the approprid&CS and dominant geomorphic procedseshatchannel

546 archetypdBrown and Pasternack 2014; Brown et al. 2015)

547 Distinct spatial and temporhldraulicpatterns identifieah this study but not explicitly

548 incorporated into performance metrics highlight important future directions for this

549 methodology. For examplehanges irspatial patterns afediment mobility exhibited across

550 flow-form combinations likely influence biolagal suitability for bed occupation in addition to
551 the magnitudeand timingbased performance metrics considdrete The temporal patterns of
552 bed mobility also varied substantially within the bed occupation and preparation pErgds, (
553 which was nocaptured by theelectedperformance metrics. More information about the spatio
554 temporalhydraulicrequirements for particular species and-$ifagesand improved metrics for
555 quantifying these characteristia®uld refine performance estimates withie fhroposed

556 framework.

557 4.3 Flow and form controls on ecosystem functioning

558 Five Mediterranearmontane riveecosystenfunctionsrelated to geomorphiariability and

559 agquatic habitaivere evaluated in the context of interacting flgw., water year type and

560 hydrologicimpairment)and form(i.e., morphologytype) controlson ecohydrauliadesponse

561 (Figure 5and §. Flow convergence routingzas controlled primarily by channel forms it only

562 occurred in the podiiffle morphology However, sufficiently high flas werealsoneeded foa

563 shear streseversal to occun support of the mechanisidydrogeomorpic diversity was

564 controlledprimarily by channeform, and specifically topographic variability, as expected. More
565 surprisingly, HMID was also influencda flow attributes with water year type, hydrologic

566 impairment, ananorphologytype all playing significant and interacting roles in gdo®hydraulic
567 responseSalmonid bed preparation and occupation illustrate todigein all three controlling

568 variableswith bed preparation performing best in the wet, altered, plane bed scenario while bed
569 occupation performed best in the dry, unimpaired pibitd morphology.The duration and

570 timing of redd dewatering risk weo®ntrolledby water year type anuydrologc impairment,

571 while the magnitude adewateringisk, based on the proportion spawning habitagxhibiting

572 sufficiently low depth or velocitywas controllegsolelyby channel formThese results

573 emphasize the complex interacting flow and form controlkey ecosystem functions and the
574  differences irdominantcontrok betweerecosystenfunctions.

575 HMID performance tradeofis particular provide insighbr environmentalater

576 ~managemeniiventhe commorconception thaincreased habitat heterogeneitpmotes

577 biodiversity(Dyer and Thoms 2006] he highestHMID wasexhibited by the poeliffle under
578 dry unimpairecconditiors. However under hydrologic impairmenHMID washigherunder the
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wet pootriffle than the dry plane bed scenario for all but the lowest flows. Tty indicates

a tradeff between flow and form with respect to diversity whereby either increasing topographic
variability (i.e., plane bed to podiiffle) or increasing the number of low flow days in fiewv

regime {.e.,wet to dry water year typ&yascapable of increasing overall spatiotemporal
diversity.In such instances, knowledge of fldarm interactions could be useddaidemore
nuanced, targeted managemeifibrtsto promote ecologicaénd goalsuch as increased

biodiversity.

In generalped occupation performed poorly across all flow and form scendh@sfinding
may bedueto the coarse bankfull stage discretizatused in the study (eight discharges from
0.2—2x bankfull stageTable 1), allowing lower daily discharge values todmesociated with
higher sediment mobility than ocaln reality. Results such as these daform future studies
by promotingiterativemodification ofdecisions such as thankfull stage discretizaticand the
range of discharges considered to improygasentation of ecosystem functionishin the
proposed methodology.

4.4 Implications for environmental management

Thequantitative metrics of relative performance across a suite of ecosystem functions
highlighted critical performancdradeoffs, emphasizinghe significance o§patiotemporal
diversityof flow and format multiple scalefor maintaining river ecosystem integrifyor
examplethe pootriffle morphology supported flow convergence routing and promoted high
hydraulic diversity and salmonid bedcupationwhile the plane bednorphologysupported
salmonid bed preparation aptbvided habitats of reduceld@wateringstress for salmonid redds
during dry yearsTheseesults indicate that restoring or designingpalriffle dominatedstream
networkto provideinterspersed plane bed reaches may support higher overall ecosystem
integrity by promoting distinct and complementary functiamslifferent locations during
biologically significant periodsSuchfindings support the emerging recognition oftsgdand
temporal heterogeneity as fundamental characteristics of fluvial systems and tfer meed
flexible frameworkwithin which natural processes, such as sediment transport and nutrient
dynamics, can occyClarke et al. 2003; Gostner, Parasiewicz, et al320anzo et al. 2016;
EscobatArias and Pasternack 2010)

With respect tdydrologic variability,only wet years supported high performance of
salmonid bed preparation and shear stress regendale dry years significantly increased
hydraulicdiversity and availability of fallun Chinook spawning habitak. range of wet to dry
years igequired to support the full suite of ecosystem functions consitiered nterannual
variability plays a key role (in concert with spatial variability oinloand bed substrate) in
maintaining river ecosystem integrity. This finding also indicates the potential for changes or
losses irfunctionunder a changing climate in which the spectrum or the ratio of wet to dry years
is significantly altered from that twhich native riverine species are adagfed|l and Viers
2013) For example, fewer sufficiently wet years to generate shear stress ieivepsallriffle
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reaches may compromise their ability to maintain high topographic variability, thuagslti

suite of ecosystem functions supported in these reaches towards those already supported by plane
bed reaches. This would reduce ecological variability and thus overall ecological resilience of the
stream network.

This application of synthetic dataseto flow-form-function inquiry provide a foundation for
transitioning from expressing ecosystem impacts and responses in terms of fixed flow or form
features to spatiotemporally varying hydrogeomorphic dynaatcey a spectrum of alterations
of the symhetic datasetsIhe simple,processhased frameworgroposed heris expected to
elucidate key processasd thresholdanderlying spatial and tempdrdynamics of river
ecosystems through future applicatiofsr instancethe functional rolend alteraon thresholds
of individual geomorphic attributgg.g., confinement, channel bed undulations) cobeld
isolatedthroughiterative generation and evaluationmfmeroussynthetic channel formd his
informationis expected tanprove understanding of ecosystem resilience and the potential for
rehabilitation projects under current and future hydrogeomogit@ations.

4.5 Study uncertainty

Uncertainties in the ecosystem functions model kbpesl here include uncertainty model
completeness, parameters, and data inputs. With respect to model completeness, this study
explicitly incorporate attributesof key hydrologic and geomorphic processes controlling river
ecosystem functions for more complete evaluation of controllinghas and their dynamic
interactions. However, several critical aspects of river ecosystems including water quality,
temperature, population dynamics, and morphodynamics are not consgredcope of the
current study.

Model parameter uncertaintidsrive from parametemd equatioselection. For example,
the depth slope product shear stress equation assumes steady uniform flow, which is appropriate
for the geomorphic archetypes considered here under steady discharges but should be assessed
on a caeby-case basis for application to real channel morphold&esvn and Pasternack
2008; Pasternack et al. 2008heuse of Shields parametiaresholddo delimit sediment
transport stages providesgsimpleapproacho exploreflow - hydrogeomorphic process
relationshipsbut there is uncertainty saciated witlthese thresholds and others could be
selected depending dhe application or with more information regarding bed composition. The
spatial and temporal thresholds of ERHPs constraining the ecosystem functions are also
uncertain. For instance, the requirement of seven consecutive days of flooding for riparian
recuitment is an estimate based on field studies across the Sierra Nevada that exhibit high
variability between sites.

Data input uncertainties originate from the streamflow time series and river corridor
morphologies. In the current application, stagecharge relationships were the main source of
hydrologic uncertainty, as they were manually estimated for the YubaiRitrex absence of
established rating curves. Rating curves derived from field measurements would substantially
reduce this source of uncertainty. The use of real streamflow time series minimized uncertainty
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associate with hydrologic inputs. However, tise of modeled streamflow or hydrologic
archetypes, as proposed for future applications, would create additional uncertainty.
Uncertainties arising from the use of synthetic river valleys morphologies include field
measurements of reaaveraged geomorphattributes including the CV of width and depth.

The frequency and distribution of width and depth measurements used in these calculations will
influence variability estimates, and as a result, the synthesized topographies. More research is
needed to evalta the influence of different sampling schemes and measures of topographic
variability on the synthesized DTMs and dependent hydrogeomorphic processes.

5 Conclusioms

This study tacklekey questions regarding the utility of synthetic DTMs for ecohydraulic
analysis, the ecological significance of topographic variability, how to evaluate the ecological
impactsof different flow-form settings or types of river restoration efforts, and whether
(re)instatement of key flow or forattributess likely to restore eological processg€ouncil
2007) Thedevelopmenandapplication of simple, quantitative ecosystem performance metrics
enabled evaluain of the ecohydraulic response to changes in flow and/or form settings typical
of Mediterranearmontane rives. By comparing these performance metrics across individual and
combinedadjustmentso flow and form attributes, this study provides@velframework for
assessingnd comparingcosystenfunctionperformance under naturahdhuman alterelow
regimes and river corridor morphologiddoreover, this research demonstrates the significance
of spatiotemporal diversity dlow (seasonal and internmual) andorm (channel shape and bed
substrate) and their interactions for supporting distinct ecosystationsthat maintain river
ecosystem integrity.
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