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ABSTRACT

The serial discontinuity concept (SDC; Ward and Stanforddnlogy of River System$983) predicts that recovery of large
regulated rivers over distance downstream from a dam is limited by relative tributary size; however, channel geomorphology
may also influence the recovery process. We examined the spatial variation in water quality, benthic composition and ash-free
dry standing biomass (AFDM) among the bedrock-defined geomorphological reaches in three turbidity segments of the
Colorado River between Glen Canyon Dam and Diamond Creek, Arizona, including most of the Grand Canyon. This 387-km
long study area supported virtually no Ephemeroptera, Plecoptera or Trichoptera, probably because cold, stenothermic,
hypolimnetic releases limited maximum aestival warming to14C. The benthos displayed abrupt, physically related
decreases in AFDM over distance from the dam and in the varial zone. The 26-km long clear water segment between the dam
and the Paria River supported a depaupefzitedophora glomerat@piphyte/chironomidtammarus lacustritumbricine/
Physellasp. assemblage, and ooze-dwelling oligochaetes. This segment conte@fedibthe aquatic habitat below the

140 n¥/s (normal minimum) discharge stage of the Colorado River study area, but suppotéti &3the benthic primary
producer AFDM and 87% of the benthic consumer AFDM in the entire study area. Turbidity increased and light penetration
decreased immediately downstream from the confluence of the small, turbid Paria River, and further downstream from the
Little Colorado River confluence. The benthos downstream from the Paria River was abruptly replace@4dwjllatoria/
Simuliiumassemblage with a mean AFDM 06£0-12 g C/nf.

Dam-related effects on water clarity, varial flow and water temperature overrode geomorphological influences on habitat
availability. These results generally support the SDC, in that recovery of the benthos did not take place over distance in this
large river ecosystem; however, geomorphological differences in substratum availability between reaches mediated dam and
tributary effects on water clarity and benthic AFDM. Interactions between flow regulation and geomorphology produce a
pattern of circuitous recovery of some physical river ecosystem characteristics over distance from the dam, but not of the
benthos. Improving discharge management for endangered native fish populations requires detailed understanding of existing
and potential benthic development, and trophic interactions, throughout the geomorphological reaches and turbidity segments
in this river. (€)1997 by John Wiley & Sons, Ltd.
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INTRODUCTION

Flow regulation affects the distribution of river benthos over distance downstream from dams by altering
turbidity, water temperature and other discharge-related variables, and the roles of tributaries and natural channel
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geomorplology (Ward, 1976;Ward and Stanford 1979;Armitage,1984). Theserialdisconinuity conceat (SDC;
Ward and Stanford 1983, 1995) proposeghat flow regulation interrups river continug resettirg physical and
biological conditionsto thos of lower streamorder. Restaation (recovey) of ecologtal characeristics that
typify compardle unregilatedriversoccursover distancedowrstreamfrom the flow regulation point, andasa
resultof interactons betwee the size and location of the damin the drainagebasin,the location and size of

tributaiies,andgeonorphologtal characeristics.Tributariesexet regionalor ‘biome’ effects on rivers (Minshdll

et al., 1983; Corkum, 1991) and may contibute susp@ded load and/or thermal variabiity, which are often
reducedn thetailwaters of largedans (Brunsetal., 1984;RaderandWard, 1988; Storeyet al., 1991;Roocs and
Piertease, 1994 Johnsa et al., 1995). Consequatly, small regulatedrivers joined by one or more large
tributaries may be physkally and biologically indistinguish&le from conparableunregilatedrivers, whereas
largeriversin arid biomeswith few, smalltributariesmay remain highly alteredoverlong distanesdownstream
from the point of flow regulatian.

Flow regulation andtributaty inflow effects aresupeimposedon the templateof existing mainsteamchanné
geomorplology, which may mediatedistance-elatedbenthicchangs. In the topograpircally and geobgically
diverse terrains that chamcterize many large river basns, tectonicsand bedrak geology influence channé
geomety, velocity andsubstate distribufon acrosamicrosite, local, read-basedand systemwide spatialscaks
(Schmdt and Graf, 1990; Schmdt and Rubin, 1995). Geomophologial factors may strorgly affect the
distribution of the benhos, fisheriesandfloodplain vegetaiton devebpment(Hupp, 1988; Gregoy et al., 1991,
Newcanbe and MacDondd, 1991; Stevenset al., 1995). Howeve, channé geonorphologyinfluenceson the
benthosmay be overriddenby regulatediiow effects,andmay thereforeexertonly weak influenceson distane-
relatedbenthicchange

Most datausedto testthe SDC havebeencolleded from smdler, montanestreamsandin mesicregions(e.g.
Culp and Davies,1982; Cushirg et al., 1980; Munn and Brusven, 1983; Mill er, 1985; Raderand Ward, 1988;
Ryder and Scott, 1988; Volez and Ward, 1989; but see Stanfordet al., 1988). Few studieshave attemptedto
qguantify the influence of flow regulation on downstreambenthic changein relation to reach-baed channé
geomorplology, particulaly in large, regulaed riversin arid regions(but seesuppoting datain Grimm and
Fisher, 1989; Minshall et al., 1992; Rocs and Pietterse, 1994; Helsesicand Sedlak, 1995; Johnsao et al.,
1995). Such studiesare important becauseeconom¢ developnent hasled to extensve modification of water
supplies in arid regions, therebyaltering fluvial habitats,benthos,autochhonousprodudion, fish populations
and other ecosysten conponents and processe (e.g. Blinn and Cole, 1991; Minckley, 1991; Molles,
1992).

Managenent of high-order,regulaed riversis often compromised by a lack of dataon the pre-impoumiment
condition, anddistan@-relatedchangesn, waterquality relatedandbentic variables(Allen andFledker, 1993.
In ecosywtems suchasthe ColoradoRiver in GrandCanyon,within-systemdistan@-relded analysesmay offer
someinsightinto preimpoundmen conditions.The role of flow regulation on ColoradoRiver bentic ecology
hasbeenexamiredin headvaterreachegPearson1967; Rossand Rushfoth, 1980; RaderandWard, 1988),in
theremahing flowing reacheslownstreanfrom GrandCanyon(Winget, 1984; LiebermanandBurke,1993),and
in the tailwatersof Glen CanyonDam (Blinn et al., 1989, 1995; Angradi and Kubly, 1993; Angradi, 1994;
Shannoret al., 1994); however, dataon the mainstreanmbenthosin Grand Canyonare limited (Czamnecki and
Blinn, 1978; Blinn and Cole, 1991; Hardwick et al., 1992; Shannonet al., 1996). Such data are requiredto
develop maragementstrategés and monitoring programmes. Such tempoal and spatial data are neededto
undestand the potential developnent of the benhos and the aquatic food basefor fisheies, and to infer
managerent strateges for benthicrecovery (Gore and Shields,1995; Ligon et al., 1995).

In this paper we have tested the SDC and evaliated the rate of benthic recovery in the large,
geomorplologicdly complex Colorado River downstreanmfrom Glen CanyonDam. We useda within-sysem,
distane-relatel apprachto examire the effectson the benhosof physical damrelatedfactors(distancerelated
turbidity and varial flows) and channé geonorphology (riffle versus pool habitats,and variation between
reaches)n the tempoal variation of the benthos.We also presentdietaly datg and review existing dietary
literature on the dominant aquaticmaaoinvertelsatesin this sysem, in orderto assesghe structureof the
aquaticfood-web. We concludeby relating benthic structureto the predictiors of the SDC, and we discuss
potentialmaragementstraegiesand effectsin relationto proposedchangs in dam operdions.
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METHODS

Studyarea

The Colorado River is the main river systemin the American South wed, draining one-twefth of the
cotermirous United States.t is one of the modg thoroughly controled American rivers, andit is regulatedby
more than 40 large flow regulaton structure (Hirsch et al., 1990). The river flows 472km through northern
Arizona betwea Glen CanyonDam and Lake Mead, including lower Glen Caryon andall of Grand Canyon
(Figure 1). River locations are designagéd by distancefrom Lees Ferty, Arizona (river kilometre, km O,
36°5203"N, 111°35'40"W), which lies 24-5 km dowrstreamfrom the dam.Theriver descendérom anelevaton
of 947m at LeesFerty to 404m at Diamond Creek(km 363,35°46'0"N, 113°22'30"W), with a mean gradientof
1-52m/km andwith mostof its descenbccurringin morethan165white waterrapids. Theriver is deeplyincised
into the uplifted ColoradoPlatau,andit flows throughSonora and Mohawe desertscrib vegetaion (Johnson,
1991).Meanannualprecipitaion on the canyonfloor is 215 mm/year,bimodally distributed betweernwinter and
summe (SellesandHill, 1974). Additiona geographtal informationon this systemis presentdin Stevansetal.
(1995).

The ColoradoRiver is a debrisfan-dominatedriver constainedby talus slopesand cliffs of Protrozoicand
Paleozaot bedrak strata,including resisant sand$ones, limestmes, igneousand crystalline strag, as well as
softershaks and siltstores (Howard and Dolan, 1981). Variation in bedrak hardnes<reate distinctive wide-
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Figurel. Map of the ColoradoRiverin GrandCanyonNationalPark,Arizona. Studysitesaredesignag¢dby letterandaredescribedn Tablel.

Benthicassemblagevariedbetweerthreemajor turbidity segmers of theriver: the clearwaterGlen Canyonreach(CW), the variably turbid

Marble Canyonsegmen(VT), andthe usuallyturbid Lower GrandCanyonsegment{UT). Boxesshowriver ecosystenenergyshifting from

autochthonassourcesn the CW segmento largely allochthonousourcesn the downstreamurbid reachesDashedineswithout arrowsin
the boxesindicateweak linkage betweentrophic levels
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Tablel. Studysitesin the ColoradoRiver in the GrandCanyon.Studysite letterspertainto Figuresl and8. Distance(km) is measuredrom LeesFerry, Arizonawhich
lies 24-6km downstrearmfrom Glen CanyonDam. Turbidity segmentsnclude the cIearwater(gCW), variably turbid (VT) andusuallyturbid (UT) segmentsReach
nameshavebeenmodifiedfrom SchmidtandGraf (1990)andreachwidth wasmeasuret 680m/s by SchmidtandGraf (1990).Samplesizeis six for all waterquality
parameterst eachsite

Site  Distance Turbidity Reachnumber Mean Elevation MeanDO (mg/l) Meanspecific Meantemp. MeanpH Mean Secchi
from Lees segment (Figure8) and reach (mAMSL) (mg/l; SD) conductivity (°C; SD) (SD) depth(m; SD)
Ferry name width (m) (1s; SD)
(km)
A 0 cw 1. Glen Canyon 853 947 81 (1-16) 091 (0-02) 92 (2-20) 7-7 (0-19) 5-35 (1-01)
B 3 VT 2. PermianGorge 700 940 8-3 (1-38) 0-90 (0-04) 96 (2:17) 7-8 (0-34) 4-30 (2-12)
C 50 VT 4. Redwall Gorge 67-1 871 102 (1-18) 0-79 (0-35) 100 (2:92) 76 (0-47) 1-02 (1-01)
D 83 VT 5. Marble Canyon 1067 842 10-7 (0-66) 0-92 (0-04) 105 (2-38) 80 (0-26) 1-05 (1-15)
E 98 VT 5. Marble Canyon 1067 821 105 (0-42) 0-94 (0-05) 10-8 (2-07) 7-9 (0-28) 1-38 (1-04)
F 110 uT 6. FurnaceFlats 1189 810 106 (0-82) 1-00 (0-06) 105 (2:37) 79 (0-21) 0-97 (1-36)
G 142 uTt 7. Upper Granite 579 734 109 (0-20) 1-02 (0-05) 10-8 (2-34) 81 (0-13) 1-15 (1-80)
Gorge
H 232 uT 10. Muav Gorge 54-9 568 107 (0-77) 1-01 (0-06) 11-4 (2-42) 81 (0-13) 0-37 (0-42)
| 240 uTt 11. Lower Canyon 549 540 11-0 (0-77) 0-99 (0-05) 102 (1-97) 82 (0-12) 0-15 (0-03)
Reach
J 329 uT 11. Lower Canyon 945 450 10-8 (0-28) 0-98 (0-03) 11-6 (3-:03) 7-9 (0-30) 0-85 (0-77)
Reach
K 352 uTt 12. Lower Granite 732 409 11-2 (0-37) 1-00 (0-05) 12-7 (3-97) 80 (0-23) 0-20 (0-10)
Gorge
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shallowandnarrowdeepgeomorplologicd reachegSchmidt andGraf, 1990; Tablel; Figure 1). The uppermos
Glen Canyonread is wide (meanwidth >85m); two wide and two narrow ( <85m wide) reachesoccurin

Marble Canyon betwea the PariaRiver (km 1) andtheLittle ColoradoRiver (km 98) confluencesandthe Grand
Canyonsectionbetweerkm 98 andLake Meadcontainsthreewide andfive narrow reachesThe numkber of sand-
bar deposis and fluvial marshes,andthe perentagecover of soft veraus firm substrataon the channé bed,are
positively correlatel with read width (Schmdt and Graf, 1987,1990; Stevenset al., 1995). Debris-faneddy
complexes exist at eachtributary confluerte, creatingspatally fixed and geomorplologicdly distinctive pool,
riffle andreturncurrentchanné (badkwater)habtats(HowardandDolan,1981;Kieffer,1985; Webbetal., 1989;
Schmidt and Graf, 1990).

TheunregilatedColoradoRiver wasflood-proneturbid, andwarmedduring summe. Themeandaily pre-dam
flow from 1922to 1962 was 4704 m?s, with a mean annualflood peak of 2450m?/s, a 10-year flow return
frequeng of 3540m?s, an historic peakflow of 8500m%s anda paleo-floal peakflow of 14000m%s (Howard
and Dolan, 1981; O’Conner et al., 1994). The river transportd a highly variable mean sedimentload of
6-0 X 10 kglyear pastLeesFerty (Andrews, 1991)andwasvirtually alwaysturbid. Pre-damwatertemperatire
rangedfrom freezingin winter to 29-4°C in the sunmer at LeesFerry (W. Vernieu,US Bureauof Reclamation,
Flagstdf, AZ, persmal commurcation), andtheriver suppoted alargely endeme, warmwaterfish assemblage
(Blinn and Cole, 1991; Minckley, 1991). Numerouspre-dam photayraphsreveallittle bentic algal coveron
rocksduring low flows (TurnerandKarpiscak,1980; Steptensand Shoemaker1987; Webb, 1996),suggetng
that scouing floodslimited the colonization and growth of benthicmacrodgae.

The 200-mhigh Glen CanyonDamwascomplgedin 1963, creatingLake Powell resevoir andregulatirg the
Colorado River through Grand Caryon (Stanford and Ward, 1991). Although mean daily flow (412:2m?s) did
not changegreatly, impoundmengreatlyreducedlood frequencyandmagnitude,increasedourly varying flow,
decrease sedmenttranspot andcreatedcold, stenotlermic condtions (Andrews,1991; Blinn andCole, 1991).
Post-danriver flows from 1965to 1991 fluctuatedwidely on anhourly basisbut little seasondy. During normal
inflow years, the maximumrangeof daily flows exceeded50m?/s every monthof the year. This largerangein
daily flow appraimatedthe postdam annualdischage range and exposel the benthosalongthe shordine to
daily desiccation(Angradi and Kubly, 1993;Blinn et al., 1995).

Impoundnentreducedsedimentransportat LeesFerryto <<1% of pre-damlevels(HowardandDolan,1981),
andmainstreamturbidity is now largely determiredby tributary-derivel suspendededimet contibutions.More
than490ephemeal and40 perennial tributariesjoin the ColoradoRiver in GrandCanyon,but only six perenni&
tributaiies havemean flows >1 m?s. Although the baseflow of the PariaRiver (the mostupsteamperennia
tributary) is only 0-2m?*s ( <0-002% of the meanmainstram flow), it contibutesan averageof 275 X 10°
tonnesof suspendedediment/yeg with concentrationsof up to 780000mg/l (Graf et al., 1991). The Little
Colorado River annualyy supples threetimes more suspendededimeat thanthe Paia River, and KanabCreek
(km 230) providesaddtional sedmentin the lower Canyon(Andrews,1991; Figure 1). Turbid inflow from the
PariaRiver reducesmaxmum bentic light availablity betwea km 1 and98 appraimately 70% of thetime on
anerratic,seasonabasis.Cumulatvely, the PariaRiver, Little ColoradoRiver andsubsequentributaiesreduce
maximum light availability in the middle and lower Grand Caryon 80% of the time (M. Yard, Bureau of
Reclamdion biologist, Flaggaff, AZ, written communcation).

Sedimen retenton by Glen Canyon Dam andthe locationsof sedimenteontributingtributaries havecreated
threemainstram turbidity segnents(Tablel; Figure 1): the clearwater segment(the Glen Canyonread) lies
betwea Glen CanyonDamandthe PariaRiver confluerce; the variably turbid segnentincludes the four reades
betwea the Paiia River andthe Littl e ColoradoRiver in Marble Canyon;andthe usuallyturbid middle andlower
GrandCanyonsegmentincludes the sevenreahesbetwea the Little Colorado River and Lake Mead

Field data collection

We samplel water qualty variablesand benthicalgal and macronvertebrag¢ standig biomassat bimonthly
intervalsin 1991at 11 stationsbetwee LeesFerry and Diamond Creek(Tablel; Figure 1). We sampledpool
(velocities <1-0m/s)andriffle/rapid ( >1-0m/s) habtatsin six wide andfive narrowreachesusingpetit Ponar
(0-02m? ared or Petason (0-09m? area)dredges in pool environments,and Hess samplers(0-11m? ared in
cobble-lmttomed riffle habitats. Three to six sample were collectad in each of three stege zones the deep
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submergd zone ( <80m?/s, pools only), the shallow subnergedzone (80—142 m®/s and the varial zone (142—
792m?s, nearthe maximumpowe plant releasestage).Sampleswere colleded at the lowestdaily discharge
level. Althoughwe sampledduring US Bureauof Reclamationtestflows (Paten,1991),releasesverewithin the
rangeof normal dam operationsand were asvariableasthos of previousyears.

Water quality was measuredat eachstudy site six timesin 1991 using a Hydrola portabk field sensor.
Water qualty variablesincluded disolved oxygen(DO), specificcondutance(LS), temperatve (°C) and pH.
Sampe depth, Secchidepth (water transpaengy) and velocity (measuredwith a Marsh-MeBirney™ #201
velocity meter)or stagewere also measued. Substratewas noted for eachsample.

Benthic standing mass was sorted into primary producers (Cladoplora glomerata, Osdllatoria spp.),
consumes (mollus@an grazrs, chironomds, Gamnarus lacustris, simuliid filter feeders megadre and
microdrile oligochaete oozefeeders,and other aquaticmacroinvetebrates)and detritus. Sampleswvere dried at
60°C to constanimas andweighel. Subsampmswereashedat 500°C for 1 h anddry mass wasconvertal to g C/
m? ash-freedry mass(AFDM). Linear regressionequatios betwee standirg dry biomas and AFDM values
were developedfor large sample of eachcatgory,andusedto convet dry massvaluesto AFDM.

We analsed the gut contents of chirononid midge larvae, the numericaly dominant benthic
macroirvertebrag taxon in this system,to determire the trophic role of benthicalgee (Cladoplora glomeiata
andOscillatoria spp.) Chironomid larvaecollededfrom the mainstremat LeesFerty (h=10), km 51 (15), and
km 361 (21) were placedin 70% EtOH. Specimenswere soakel in 10% KOH for 3-12h (dependng on larval
size)to clear the integumentwhile maintining the integiity of the gut andits contents.Clearedspecmenswere
inspeced under1000 magnifiation for frequeng of diatons, Cladoptora, Osdllatoria, detritusandinorganic
particles. Gamnarus diet datawere derivedfrom Pinney (1991) and Shannoret al. (1994)

bT M

Analyses

We descriled relationshipsbetweenAFDM of biotic componentsand the physical, chemica) spatal and
tempoal variablesusing multivariate canonica correspondencenalyss (CANOCO; Ter Braak, 1992). This
direct gradient ordination apprach is a widely used principal componentsstyle analysis (Palmer, 1993).
CANOCO emgoys dataon speciedistribuionsin samplingunits to definemultivariateaxes,andusesmultiple
regresion analyss to correlatefactor loadng scoresfor samplesn speciesspacewith environmrental predicbr
variables.We also usedPearsn correltion analysiswith serial Bonferroni-adjustedprobailities (Rice, 1989)
statistcally to descrile the correlations betweenphysical and biotic variablesand CANOCO factor scores
(SYSTAT 5.03; Wilki nson,1991).

We analsedthe effectsand interactions of impoundnent, geomorplelogy and seasn on log(AFDM 1)
transbrmedvaluesof 10 biotic respnsevariablesusing multiple anaysis of variance(MAN OVA; Wilkinson,
1991).An overallimpoundnentfactor wascreatel usingthe threeturbidity segmerg of theriver andthreestage
zones creding nine treatmat levels. The threestagezones(deepand shallowsubmergd, andthe varial zone)
providedan exposue gradientresuling from dam-ceatedvarial flow. The frequencyof daily exposue of these
zonesundernormal damoperationsat LeesFerry was 2, 40 and 97%, resgectively.

An overall geonorphologyfactorwasgeneratd usinglocd habtat (pool verausriffle/rapid settings)andreach
width (narrow versus wide), produdng four treamment levels. Pairwise interactions between dam and
geomorplologicd effects with seasonwere also tested and MANOV A and univariak ANOVA teds were
employel to explore predicor effects on individual biotic componentsWe corroboatedMANOV A restits with
separad Mann-Whitney or KruskalWallis tests,and using serial Bonferroni analyses

We estimaed total benhic AFDM of algaeand macroinvetebratesbelow the 142m?/s stage (the normallow
water stage)in the 10 geomorplologicd reachessamplel during this study. This involved comkining channé
floor surfacearea,percentcoverof firm andsoft substréa andbentic AFDM in eachreach.We coupkedwetted
perimeter measuementsfrom 730 river cross-sectionsand additional bathymetic datafrom the Glen Canyon
reach(M. Yard, US Bureauof Reclamation Flaggaff, Arizona, unpubisheddata)to estimae bed surfacearea
<142m?s, the normal low dischage leve. We multiplied surfaceareavaluesby the perentagefirm (boulder
or bedrak) or sandcoverin eachreach,derivedfrom anaysis of sidescanSONAR (Schmdt and Graf, 1987).
We then multiplied thee values by mean annual benhic AFDM estimatesfor firm and soft substréa,
respeduely.
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RESULTS

Water quality parameers

Waterquality variableschange overdistancefrom Glen CanyonDam,andseasondy (Tablesl andll; Figure
2). Temperatue ranga from 6-5°C in Januay 1991at km 3 (Site B) to 17-:1°C in late May at Diamond Creek
(Figure2A). Water tempentureswere stenothermicor decined slightly during the winter months,but increased
by 9°C throughthe Grand Canyonduring summe. The maxmum temperatureecordedin the lower Canyon
occurredduring a constantl42m?'s testflow. Overall, the annual,sysem-wide post-damsumme temperatire
range(10-6°C) was appraximately onethird of the pre-damrangeat LeesFerty (29-4°C).

Dissolvedoxygen(DO) concentrationvariedsigrificantly overdistane from the dam(Tablesl andll; Figure
2B). Valuesof DO wererelaively low (==6-6 mg/l) at LeesFerry andincreasedsignificanty to saturatbn asthe
river passedhroughthefirst few largerapids.DO increagd during the middle of the sunmerat LeesFerry,and
alsovaried hourly at this location. Specific condu¢ance(not shown)variedin a similar fashionto DO, ranging
from a low of 0-83 to 1-10iS, increasingslightly dowrstream.

Hydrogenion concentration (pH) varied from 6-8 to 8-4, shifting slightly betwee seasonsbut not greatly
betwea study sites (Figure 2C). The trend of increasng pH during autumn, 1991 may be attributabe to
decreaseé mainstreamflows in the autumn of 1991 (which allowed carbonag-rich tributary baseflavs to
influence the mainstram) or to variationin Lake Powdl’'s volume.

Secchidept (watertranspaency) was strongly negativelycorreltedwith distancefrom Glen CanyonDam
(Figure2D). Secchidepthsrangedfrom 7-0m at LeesFery to 0-02m at dowrstreamsites.Secchideph declined
afterkm 1, andagan attheLittle ColoradoRiver confluerte. Monsmnal predpitation andgreaer-thanbaseflav
dischage from tributaries decrease®ecchidepthslightly but not significantly during the sunmer months.The

Tablell. Pearsorcorrelationanalysisof physicalandselectediotic variablesthroughthe 11 ColoradoRiver studysitesin the
GrandCanyon,Arizona. Variablesinclude: dissolvedoxygen(DO, mg/l), specificconductancgSC, LiS), temperaturéT, °C),

pH, Secchidepth (S,m), estimatedvelocity (V, m%s), distancefrom Lees Ferry (km0), detrital mass(D, AFDM gC/nv),

Julian day (JD), total primary producerstandingbiomass(TPP, AFDM g C/n?) and total macroinvertebratstandingmass
(TM, AFDMgC/m?. A serial Bonferroni analysis (Rice, 1989) at p <<0-05 was used to evaluate the statistical
significanceof pair-wisecorrelations

DO SC T pH S \% KM D JD TPP ™
DO 1-000
SC 0-367 1-000
*
T 0111 —0-021 1-000
nsd nsd
pH 0-360 0396 —0-157 1-000
nsd * nsd
S —0623 —0-226 0-:023 0-337 1-000
* nsd nsd nsd
\% —0-183 0-124 —0-099 0037 —0-044 1-000
nsd nsd nsd nsd nsd
KM 0-555 0-:320 0-:360 0-310 —0604 —0-326 1-000
* nsd nsd nsd * nsd
D —0-233 —0:037 —0-169 —0-044 0143 —0163 —0-151 1-000
nsd nsd nsd nsd nsd nsd nsd
JD —0454 —0-007 0301 —0-344 0199 —0113 —0-109 0-:189 1-000
* nsd nsd nsd nsd nsd nsd nsd
TPP —0-234 0005 —0115 -—0-275 0-373 0-016 —0-240 —0-035 0-030 1-000
nsd nsd nsd nsd * nsd nsd nsd nsd
™ —0406 —0:085 —0-137 —0-238 0509 —0116 —0-304 0-099 0-104 0-547 1-000
* nsd nsd nsd * nsd nsd nsd nsd *
nsdp >0-05
* p <005
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summe of 1991 was relatively dry and the patten of tributary-relatedturbidity over distan@ downstreamis
expeded to be more pronowncedin normal, wetteryears.

SerialBonferroni-adjustedPearsn correlationanalyss revealedthat DO increagd significartly with distance
dowrstreamfrom LeesFerry (Tablell). Both DO andpH were positively correlatedwith specificcondugance,
andDO wasnegaively correlatedwith Julianday. DO wasnegati\ely correlatedwith Secchideph, anartefactof
proximity to boththe damandthe Para River.

The benthos

Cladoplora glomeiata strongly dominatedthe clearwaterreachupstrean from the Paia River, with a mean
AFDM of 15-5gC/n? in the deep-subrargedand shallowsubmergd zonesat LeesFery (SD=324-76g C/n?;
Tablell; Figure 3A). AverageCladoptora AFDM abrupty decreasedy 33-7-fold to 0-5g C/m? at Site B, just
downrstreamfrom the PariaRiver confluerce. AverageCladoplora AFDM in cobbk barsroseslightly to 3-0g C/
m? nearthe Little ColoradoRiver, andthendeceasedo 0-9 (SD31-63gC/n¥) in the middle andlower Grand
Canyon.Mean Cladoptora AFDM rarely exceeled 0-1 g C/m? in pool environmens dowrstreamfrom the Paria
River confluerte, and Cladoplora did not occur to any significant extentabovethe normal minimum stage.
Other, compardively rare, primary produers were colleded near Lees Ferty but not downstream,including
Oedogoiium spp.,Draparnaldia spp.,Potamogetorand Stigeogbnium spp.

CrustoseOscillatoria spp.matsstrongly dominatedfirm-botomedsubstratadownstreanfrom the PariaRiver
(Table II; Figure 3B). Mean Oscillatoria AFDM abrugly increagd from 0-003 (SD0-012) g C/n at Lees
Ferryto 06 (SD1-46) g C/m? atkm 3. MeanOscillatoria AFDM increasedo 7-3g C/m? downriver from the
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Figure 3. Spatialandtemporaldistribufon of biotic variablesthroughthe studyareain 1991:(A) total meanCladophoraglomerataAFDM
(gCI/m?); (B) total mean Oscillatoria spp. AFDM; (C) mean total aquatic macroinertebrate AFDM; and (D) total mean detrital

AFDM

Little ColoradoRiver on cobble-kars,but wasvirtually absemhin pool environments,except at the km 97 station,
which was partially floored with cobbk. In contras to Cladoptora, we obseved that Oscillatoria remained
viable in the lower varial zone, surviving relatively long periods of exposure.Total autotrophAFDM was
positively correlatedwith Secchidepth,with muchhigher AFDM in the clearwater Glen CanyonReach(Table

).

Macroinvertebrag conmposition and AFDM varied over distan@ downstreamand in relation to reach,locd
habitatand stage elevationgradients(Table II; Figure 3C). Abundantaquaic macronvertebragsat LeesFerry
included Gamnarus lacustris, various Chironomidae (especially Cricotopus annulator, C. globistylus and
Orthodadiusrivicola), snails(Physelh sp.andFossaia obrussa andmegadrile worms (esgecially Lumbricidae
and Lumbricullidae), which were associted with the Cladoplora beds,as well as ooze-and gravd-dwelling
oligochates(Naididee and Tubificidae) and sphaeiid clams (Pisidium variable and P. walkeri).

LeesFerrysuppotedanannualmeaninvertebrateAFDM of 2:9g C/m? (SD34-01g C/m?). Macroinvertebate
AFDM waspositively correlatal with autotrophAFDM (p <<0-05; Tablell). Macranvertebrae AFDM wasalso
significantly positively correlatedwith Secchidepth,but was negatively correlatedwith DO concentation, an
artefactof the relatively low DO in the Glen CanyonReach.

Downstram from the Paria River, Simulium arcticum (Simuliidag and lumbriculoid worms were the
dominan macroinvetebratesin riffle habitats,especily on firm substrata,ncluding lodged driftwood, and
chironomds were erratic. Ten additioral macronvertebrag orderswere encouneredin the river in 1991, but
thesewererare,comprisng <0-1% of the AFDM at any sanpling site. Pool habitatsdowrstreamfrom km 50

werevirtually devoid of macronvertebrags.

(©)1997 by JohnWiley & Sons,Ltd.
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Tablelll. MANOVA tableof the effectsof damimpacts(distanceandstagezone),geomorphologypool versusiffle/rapid habitatsandwide versusnarrowreaches)and
season(winter, spring, summer,autumn)on loge-transformed/AFDM 1) of two benthicalgal taxa (Cl =Cladophoraglomerata Os=Oscillatoria spp.)and seven
invertebratetaxa (L =lumbricine worms, G =Gammarudacustris Ol =other oligochaetesSi =Simuliiumarcticum Ch=chironomid midges,P=Physellasp. and

Oln =otherinvertebrates)

Source Wilks Approx Responseariables
lambda

F p Cl Os L G (0] Si Ch P Oln
Overall model: Fe3,2495
Dam(D)-+Geo(G)HSeason(SHD*G) +(D*S) +(G*S) 0-341 8:349 <0-0001  **= Fkk rkx rrx bl * b fiaie Fkk
Primary effects Fo,442
D 0-955 2:322 0-014 * nsd nsd * t * nsd nsd *
G 0-908 4.983 0-000 i nsd  *** il nsd * t nsd nsd
S 0-972 1418 0-178 nsd nsd nsd nsd t nsd nsd nsd nsd
Two-way interations
D XG 0-897 5635 0-000 rxx nsd *** xxk nsd * t nsd  **
D XS 0-948 2:677 0-005 nsd nsd * nsd * nsd t nsd *
G XS 0-964 1-800 0-065 nsd nsd nsd nsd nsd nsd nsd nsd t
nsdp >0-1
t 0-05<p >0-10
* p <0-05
** 0-01 <p >0-05
#x <0001
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Mean macroinvetebrateAFDM on cobble-lars decrease 8-3-fold immediately downstreamfrom the Paria
River confluerte, andan addtional three-folddownstreamfrom the Little ColoradoRiver confluerce. The Lees
Ferry cobble-tar suppoted a 2-7-fold highea (not significantly different) invertebrae AFDM thandid the pool
environnent, whereascobble-barssuppoted increasngly greder (>20-fold) AFDM and different composition
of invertebrateswith distane downstreamfrom the PariaRiver, ascompare to pools

Benthic detrital carbon (>1mm) AFDM washighly variable,anddemonstatedno stdistical differenceover
distan@ downstreamor betwea seasns(Tablesl andlll; Figure 3D). Detrituswasparticularly abundat in the
LeesFerry pool wherebeave (Cagor canadasig introducedsubstantibmasesof wood to the river floor. A
trend of increagd detritusaccumulaibn in autumn 1991 may have beenrelated to lower flows.

Trophic relations

As demonstrad for Gammaus by Pinneg/ (1991) and Shannonet al. (1994) chironomd larval diet
predaninantly consistecbf epiphyticdiators, bacteriaandlimited detritus.Algae mace up 61-4% (SD3-29-73)
of theintestiral tract contentsof chironom larvaeat LeesFerry, 30-7% (SD=34-08) atkm 51,and7-5% (SD =+
9:17) at km 361. Diatoms comprsed >95% of the algae in chironomd larvae guts at eachlocation, and
Cladoptora fragmentsconmprised <1% of thetotal gut contents.The diatomgeneramostfrequentlyencounered
in chironomd guts were Achnanhes Cocconés, Cymbella Diatoma and Rhoimspheim, all of which are
commonepiphytes associatedvith Cladoptora in this sysem (Czarneck and Blinn, 1978; Blinn et al., 1989;
Hardwick et al., 1992).Chironomidlarvae >4 mm in lengthaveragedlO13diatomcells perlarva, while larvae
<4mm averaged41-3 diatom cells per larva. The averagecell dimensons for diatons in the GI tract were
9-4m (SD 18-14) X51-2 um (SD 1167:52). Detritus, bacteriaandsandcomprisedthe balanceof the diet, and
no Oscillatoria filamens occurredin chirononid gut sample. Larger chironomidsconsumedighe quantitiesof
sand.

Ordination

Ordinationanalysegevealedthat flow regulaton overrodegeomorplologicd influenceson the benttos. The
first two CANOCO axesexplaired 80-8% of the speciesenvironnentrelaionshipof benthicspeciesn samples
space(Figure 4). Axis 1 (eigenvdue =0-586, speciesenvironnentvariane contribution =62-2%) wasstrongly
positively correlted with distane dowrstreamand stagezone, and negatively correlated with Secchidepth.
Thesethree variablesare the dam-réated predictors Cladoptora and mostaquaic macroinvetebrateshad low
negative scoeson axis 1, while Oscillatoria had a high positive score.

The secoml CANOCO axis was correlatedwith geomorplologicd factors, as well as with seasn and
interactons betweengeomorpliic and damrelatedvariables.Axis 2 (eigenvdue =0-175, speciesenvironnent
varian@ contribution=18-6%) was negatiely correlatedwith habitat type, velocity and DO concentration.
Simulium arcticum and lumbriculoid worms were distributed erratically throughoutthe river corridor in riffle
habitats,and hadrelativdy high positive scoreson axis 2.

Analysesof sample in specesspacedikewise revealedstrong correlationsof siteswith physical gradiens in
this system(Figure 5). The individual study sitesand centoids of the turbidity segmerg reveale a sigmodal
pattern over distancedownstreamfrom the dam (Figure 5A). This ‘circuitous recovery’ patten indicates
that increasng turbidity exetts the greatestinfluence on the bentos in this nearly stenotlermic river;
wide geomorplologicd reachege.g.A,D, E in Figure 5A) suppot highe benthicAFDM thando narrow reacles
(e.g. B, C, F—-H), and benthic AFDM decreasg over distance dowrstream. Therefore, geomorplologicd
reachesmediate turbidity effects. Pool and riffle habitat differences in AFDM were not sigrificant at the
LeesFerry site,andincreagdin differenceover distane downstream(Figure5B). Stageelevationzones(Figure
5C) strongly influenced benthic composition; however, the influence of seasnality on the bentios was weak
(Figure 5D).

Dam, geomorphépgical and seasoal effects

MANOV A analsis of damrelatedfactors(D) andgeomorplologicd factors (G), andD X G andD X season
(S) interactons corroboratedthe ordination pattens descriled above (overall MANOVA p <0-0001), and
indicatedthat seasnal effectsalonewere not sigrificant (Table 11). Significant D effects(p =0-014) involved

(©)1997 by JohnWiley & Sons,Ltd. Regul.Rivers.Vol. 13, 129-149(1997)
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Figure 4. Canoni@al communty correspodenceanalysis(CANOCO, Ter Braak, 1992) showingspeciesand environmerdl variable factor

loading scoreson the two axes.Axis 1 was positively correlatedwith dam-indicedalterationof the ColoradoRiver, including gradientsof

distance-relatd waterclarity (Secchidepth)andstageelevation.Axis 2 wascorrelatedwith geomorplblogical variablesatlocal (pool versus
riffle habitats)andreach-baed(reachwidth) spatialscales

reducedbentic ADFM at dowrstream sites compared with Lees Ferry, partiaularly of Cladoghora and
Gamnarus aswell asanegatiwe correlationbetweenAFDM andstagezone(Table lll; Figure 6). Thevarial zone
contaired little life, with only 34 orgarismscollededin 396,0-002m? samplesn thatzoneduring a full yearof
intensive sampling. MANOVA resultswere suppoted by serial Bonferroni-adjusted Kruskall‘Wallis testson
eachbiotic componentacrossthe nine damrelatedtreamentleves (txw gqr >77-137, p <0-0001,n =458, for
eachbiotic conponentrespectivéy).

Geomorphéogy influencedthe distribution of the benthos, but to a muchlesserextentthan did dam effects
(p <0-001; Tablelll; Figure7). Wide reachesuppotedincreasngly greder propotions of benthicAFDM over
distan@ downstreamthan did narrow reades.At the local geonorphologicalscale,firm-bottomedriffle/rapid
habitatssupporte increasngly greaterproportionsof total benthicAFDM over distan® dowrstreamthan did
soft-bdtomed pool habitats. Theseresuts were suppoted by sepaate Kruskall-Wallis testson each biotic
componentacrossthe four geomorplologicdly relatedtreatment levels (txw, 3q4f =>22:045, p <0-0001for each
biotic component, respectivéy), excep for the naidid/tbificid oligochaetesand Physela snails (tkw, 3¢t =
10-889 and 13065, and p =0-012 and p =0-004, respedt/ely).

The significent D X G interacton effectwasattributabe to distance-rehteddecreasesn AFDM in the deep-
submergd zonecomparedwith the shallow subnergedzone(Tablelll; Figure 6); andto high and staistically
equivakntpool andriffle benhic AFDM at LeesFerty, but higherriffle thanpool AFDM in downstreanreades
(Figure7).

Seasortid not play arolein predictig AFDM by itself; however the significant S X D interacton (Tablelll)
wasattributable to sunmertime increagsin oligochate and chirononid popuktionsin the shallowsubmerged
zoneatLeesFery, aswell asincreagd occurrerte of the few othe invertebratetaxaat middle andlower canyon
sites. The absewe of direct seasnal effectswas further supportel by separateKruskall‘Wallis testson each
biotic componentn summerverauswinter (txw, sar <0-279,p >0-095,for eachbiotic componentrespedwely).
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Figure5. Canonicakcommunty correspodenceanalysigTer Braak,1992)of factorloadingscoresor samplesn speciespaceon axesl and
2. Dashectirclesrepreseni SD aroundthe meansamplescoresn relationto eachgradientor factor. (A) A sigmoidaldistanceandturbidity-
relatedshift in assemblagstructureoccurredbetweenLeesFerry (Site A) and Diamond Creek (Site K; Tablel). Centroidsfor turbidity
segmentsnclude: CW =the clear water Glen CanyonsegmentVT =the variably turbid Marble CanyonsegmentUT —the usually turbid
Grand Canyonsegment(B) Benthic compositionshiftedin relation to habitatand velocity betweenpool andriffle habitats.(C) Benthic
compositionshiftedin relationto stagezonefrom deepsubmergedDS) to shallowsubmergedSS)to varial (Var) habitats.(D) Winter and
summercentroidmeanandstandardieviationsdemonstree thatlittle changein benthiccompositionoccurredon a seasonabasis(numbers
represenmonths)

Reachbasedbenttic starding mas

Thetotal estimaed AFDM of bentic algaeandmacroinvetebratediffered strongly betweerreahes(Figure
8). The clear, cold, stenotkermic 26-1-km long Glen Canyon reac comprisedapproaimately 6-:9% of the total
channé bedarealying below the 142m?/s stage,yet it supportel an estinated63-3% of the total benthicalga
massand 86-9% of the total aquaic invertebratemas of the 385-kmlong river corridor betwee Glen Canyon
Dam and Diamond Creek. Downsteam from the Para River, Cladoplora and, to a lesser extent,
macroirvertebrat AFDM were higher in wide reaches(Figure 8A and C, respedtely), while reach-based
estimaed Osdllatoria mass geneally increasedver distane downstream(Figure 8B). Estimatedtotal detrital
masswas somevhat highe at LeesFerry, but showed no consistentpatten with resgect to the othe reaches
(Figure 8D).

DISCUSSION

Overview

Benthic assenblage composiion and strucure in the Colorado River is primaily determired by flow
regulation effectson waterclarity andstageelevation,andis secomarily influencedby geomorplologicd effects
of substrégum distribuion andreachwidth. The reductionof seasnal warming, anotter flow regulaton effect,
probaly alsodramaticaly alteredthe benthicinvertebratecompositionin this sysem. Thesephyscally induced

(©)1997 by JohnWiley & Sons,Ltd. Regul.Rivers.Vol. 13, 129-149(1997)
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Figure 6. Flow regulationaffectsbiotic componentacrossthreestagezones(DS =deep-submegg, SS=shallow-sbbmerged Var =varial

zoneof hourly flow fluctuation)in the clearwater(CW), variablyturbid (VT) andusuallyturbid (UT) segmentgseeTablel). Dataarepooled

within reachesand zones,and the y-axis is log;o transfomed. Biotic componentsare AFDM gC/n? of two algal and sevenaquatic
invertebraé taxa,anderror barsare 1 SE

(bottom-up) pattens providesuppot for the serialdiscontnuity concept (Ward and Stanford 1983)in this large,
arid-landsriver; however,reach-basedeonorphologcal influenceson channéwidth andsubstatumavaiability
mediatebenthiccommunity characeristics.

The clear water benthos

The clearwatersegmentipsteamfrom the PariaRiver suppoted anautochhonoustightly linked assemtdge
of Cladoplora, epiphytesandgrazingmaaoinvertelyates(Cricotopus spp.and Orthodadius spp. chironomds;
Gamnaruslacustris; lumbriculoids; Physelh), with a meantotal standirg massof 185 g C/m? below the 80m?®/s
stage(Figure 1). Standng massvariedlittle betwee clearwaterriffle andpool habtats,or betweersoft andfirm
substréa, becauseCladoplora colonized nearly all of the channé floor belov the varial zone. Therdore,
geomorplologicd influenceswere reducedin importane in this reach.

Cladoptora glomeratais a widely distributed, filamentousgreen alga (Whitton, 1970; Grahamet al., 1982;
Dodds, 1991)which doesnot directly provide nutrition to macroinvetebratesin this sysem; rather it provides
cover for maaoinveitebratesand habtat structurefor the algal epiphytes (mosty diatons) that comprisedthe
majoiity of the diet of thoseinvertebraes(Shanmn etal., 1994).Pinneg/ (1991)repoted thatdiatomscomprised
>90%of thediet of Gamnaruslacustiis at LeesFerry,with the balanceconssting of cyanolacteriaanddetritus,
but not Cladoplora. Gamnarus seleced upright periphyticdiatomtaxa (e.g. Rhoicospheia and Diatoma) over
adnatey attaded genen (e.g. Cocconeid on Cladoplora, despte the greatabundace of adnat diatons on
Cladoplora. Shannonet al. (1994) corroboatedthis finding and documengd experimendlly that Gammarus
deteced chenical cuesfrom diatoms.Our dietary datafurther corroboratethe reliance of chironomd larvaeon
epiphytes, but not on Cladoplora.
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Figure 7. Effects of geomorpholgy on nine biotic variables,with habitat(P=pool versusR =riffle/rapid) coupledwith reachwidth at the

clearwater(CW) LeesFerrysite,andin downstrean narrow(N) andwide (W) reachegSchmidtandGraf, 1990).Thesedataincludeonly the

deepand shallow submergedzones,not the varial zone. The y-axis is 10g;o transformedPool andriffle dataat LeesFerry are presented

separatelybecausestanding biomas was substantially higher there than downstreamfrom the Paria River confluence (univariae
F1.208=73-312,p <0-0001).Error barsare 1 SE
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Figure 8. Total estimatedAFDM of biotic componentsn 10 of the 12 bedrock-&finedgeomorpholgical reacheof the ColoradoRiver

betweenGlen CanyonDam and Lake Mead, Arizona (modified from Schmidtand Graf. 1990; Table I): (A) Cladophoraglomerag, (B)

Oscillatoria spp.,(C) invertebrags,(D) benthicdetritus.They-axisis log; o transformedReache$8 and8 areshort,narrowreacheshatwere
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Dam-relaedincreagd waterclarity strongly altered benthiccomposiion andstanding massin the clearwater
reach.Stoneand Rathbun (Arizona Gameand Fish Departnent, Phoenix,AZ, unpublsheddata)reportal that
Cladoptora rapidly colonizedtheriver floor betweenthe damandthe Paria River confluertein 1966and1967.
The shortclear water segmentsuppoted the majoiity of the algal and macroinvetebrateAFDM in the 389-km
long study area

The clear water bentosis strongy linked to higher trophic levels including the fisheries(Leibfried, 1988;
Blinn et al., 1995) andriparianinsectvores, which feed on the aerial life stagesof aquaticDiptera (Blinn and
Cole, 1991).In addtion, drifting organicmatteris transpoted into the less productive reacheslowrstreamfrom
the PariaRiver (Angradiand Kubly, 1994). Angradi (1994) suggeted that materal spiralsin this systemwere
relativdy short,a prediction consistenwith the concets of Elwood et al. (1983)in regulatdrivers however,
Graf (1995)demonstragd experimenally, relatively rapid movementof dye cloudsthroughthis system andlittle
retentionby eddies.The importan@ of organicdrift from the Glen Canyonread to dowrnstreamdecomposrs
requires further investigatian.

Thebenthosin turbid reaches

Mainstrean turbidity wassubstantily andconsistery alteredby downsteamtributaries(Tablel). Tributary-
derivedsuspadedsedimet loads reducedCladoplora AFDM in an abrupt,‘stairstep’ fashon, with a 37-fold
decreasen meanAFDM at the PariaRiver confluerte, andfurther at the Little ColoradoRiver andsubsguent
tributary confluertes.Hardwick et al. (1992) repoted that epiphytic diatom densties on Cladoptora deceased
by >25% from LeesFerly to km 364. Similally, Gamnarus AFDM decreased22-fold in riffle habitatsfrom
LeesFerryto theLittle ColoradoRiver, andto nearnegligible levelsfurtherdownsteam,andthe AFDM of other
macrohnvertebrags also decrease shaply downstreamfrom the PariaRiver confluerce.

Oscillatoria spp.replacel Cladoplora asthe dominantfirm-substratm benthicalgal taxondownstreamfrom
the Paria River. We observedthat Oscillatoria exhibited a greatertoleranceto desiccéion under daily and
monthly fluctuating flows, confering on it a selecive advantageunder highly varying flows. Crustese
Oscillatoria matsprovidelesssurfaceareafor diatomattadment andcolonization,andwerenot utilized asfood
by maaoinvertelvates. Consequetly, Osdllatoria suppoted little invertebrae standng mas. The lack of
Oscillatoria cruds in pre-damphotayraphs(Turner and Karpiscak, 1980; Webb, 1996), suggess that regular
scourlimited its colonization in the pre-damriver.

Unlike thetightly linked Cladoptora assenblagein the clearwatersegmentthe benhosdownsteamfrom the
PariaRiver consistedf alooseassocidion betweenOsdllatoria, andfilter-feedingSimuliiumand ooze-feeling
chironomids. Filter-feeding Simdiium larvae are often abundat primary colonizerson firm substréa in rivers,
suchasrecentlydisturbedrock surface anddriftwoodin modeateto high velocity settings(e.g.Ulfstrand et al.,
1974).At the scaleof bedrock-@&finedreachesestimaedtotal Oscillatoria standirg massncreasedverdistance
downstream At the microsite scale,Oscillatoria covertendsto be negatively correlatedwith Sinuliium becawse
bothtaxarequredfirm substréa. Foodresaircesfor otherdownstreammacroinvetebratesappea to be limited
by reduedCladoplora AFDM andconseuentredudion in epiphyte densties,asdemonstatedby low estimated
total invertebratestandirg massvalues.

An alteredbentos

Dam-relaedincreasedvaterclarity andtempeaturehaveoverridcenloca geonorphologcalinfluencesonthe
Colorado River benhos, as demongtated by the following observabns. (1) The tailwaters benthosis
incrementally affectedby baseflov stage flow fluctuationsand seasaal aspets of the flow regime (Usherand
Blinn, 1990; Angradi and Kubly, 1993;Blinn et al., 1995).(2) Cobblebar AFDM decrease by more than 37-
fold dowrstreamfrom the PariaRiver confluerte, andtwo-fold more pastthe Little ColoradoRiver confluence,
in concet with reducedwater clarity. However,standirg masswasonly two-fold higherin wide veraus narrow
reachesdowrstream from the Paria River, indicating that geonorphologcal influences were weaker than
turbidity-related effects.(3) Diff erencedetwea standirg masson firm- veraus soft-bdtomedhabitatsincreased
from threefold at LeesFerryto morethan20-fold in the lower Canyon indicating increasedmportanceof riffle/
rapid habtatsto the benthosover distancedownrstream.(4) Lastly, daminducederosionof fine sedmentshas
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expose additional coarsesubstr#a in the LeesFerry area(Howard and Dolan, 1981), increasng the habitat
available for Cladoplora glomemta colonization.

The post-damaquatic macroinvetebrate fauna in the Grand Canyon portion of the Colorado River is
remakably depauperg comparel with othe rivers Virtually no Ephemeropera,Plempteraor Trichopterawere
collecedin the mainstreanin 1991.Cold-stenotlermic releasesnay not perrit thesetaxato conpletetheir life
cyclesin theriver. Thesetaxaare abundat in unregulaed streamsthroudhout this region,including Colorado
Rivertributariesin GrandCanyon (Hofknecht, 1981)andin the lessregulatd reachef the Colorado,SanJuan
and lower Greenrivers upstrean from Lake Powell (Ward and Stanbrd, 1991; L.E.S. and J.P.S, peronal
observabns). Ephemeroperaandothe taxashoul be abundat in the clear water segmentbut are apparenty
excludedby the stenottermic releags (Hauerand Stanford 1982,1991). The pre-impaindmentColorado River
may have been chalcterizel by low benhic standirg massas a result of high turbidity and high flood—
distutbanceintensily, as repoted in other large, turbid rivers (Junk et al., 1989); however pre-dam aquaic
invertebratespeciesdiversity was probaly higherthanthat following flow regulatian.

Temperaure and turbidity regimesstrongly influence benthicassenblages in regulatedrivers (Ward, 1976;
Ward and Stanford 1982; Armitage, 1984). Cold, stenotlermic temperaturesprobaly redued the Colorado
River maaoinveitebratediversty by eliminating key devebpmentalcues(sensuVannde and Sweeney, 1980,
while increagd benthiclight availability hasincreasedenthic standirg mass,andproduction(e.g. Angradiand
Kubly, 1993),especidly in theclearwaterreach Althougha smalltributary, the PariaRiver dramaically redues
benthic light availability; however, no tributary in this systemis large enoughto influence mainstream
temperatire. Given a maximumaestial warming rate of 0-023°C/km in 1991, recovery to the annualpre-dam
summe maximumwater temperatire of 29-4°C would require a mainsteamrun of 930km, but sucha run is
prevente by othe downsteamdars.

Therole of coarsedetritusin this river hasalsobeensubstantlly alteredby flow regulatian. Largeamauntsof
driftwood accunulatedin specfic eddiesin the pre-damriver, asattestedo by the diaries of numeouspre-dam
river-runrers. Large woody debrisis now derivedfrom tributaries during floods, or from occasioml scouing
flows of the profuselyvegetaéd post-damshordines (Stevenset al., 1995). Flow regulaton redued organicas
well asinorganic sedmenttranspot. Our data(Figure 3D) andreach-baseéstimateqFigure 8D), andthoseof
Shannoret al. (1996) demonstate that postdam bentic detrital standirg mas is geneally low andvariable,
increasng throughthe moreturbid dowrstreamreades.

Relatonshipsto river modds

Within the conceptual framewok of the river coninuum modd (RCM) andits corollaries(Vannoteet al.,
1980;Minshal etal., 1985;Elwoodetal., 1983;Sedel et al., 1989; ThorpandDelLong,1994),the SDC (Ward
and Stanfad, 1983) emphasizeshe role of dam size and location in the drainagein the resettirg processin
regulatedrivers. Recentconsideation of the SDCin relation to alluvial rivers further draws attenton to therole
of floodplains, which may affect channé¢ stability, thermal regime, biodiversity and FPOMCPOM ratios in
regulatedrivers (Ward and Stanford 1995),andthe diffi culties of restoing large regulatedrivers (Ligon et al.,
1995).

Our studydemonstatesthat reach-baedchanné geomnetry mediatedistance-elatedrestoation of ecosysten
componerd and processesn this large,geonorphologcally complex regulaedriver. The circuitous‘recover’
of the ColoradoRiver may bestbe explaired by couping modéd predictimsrelatedto dam-nducedredudion of
flood distubanceand thermal variabiity (Ward and Stanford 1982; Junk et al., 1989), readh-basedchanné
geomety influences(Sedellet al., 1989; Brussockand Brown, 1991),and localized autachthonousprodudion
(Townsemnl, 1989; Thorp and Delong 1994), with SDC predictins. Raher than being resetto an equivakent,
lower streamorder, the Grand Canyonsectionof the Colorado River dispays regionally unusué temperatire,
flow and turbidity regimes which redue@ benthic diversity but increasestanding biomas in clear water and
variably turbid segnents.

Managementconsierations

Managingdamsto maintan or improve riverine fish popuktionsrequiresa soundundestandirg of bentic
assemblagstructureand food baseresmnsesto flow chamcteristic (Armitageet al., 1987; Gore, 1989). Our
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data demongtate that dam influences on water clarity, tempeature and substréaum availabiity exet strong
effectson assemblageomposiion andstanding mass,with potentially large effects on fish (Blinn et al., 1995.
Desigred to protectriver resairces,we predict that the recently implementedflow regime of redued flow
velocity andvariabiity, will increag waterclarity andfine sedmentdeposiion, andwill reducebentic scour,
on a systemwide basis.Theseeffectsmay increag benthicalgal colonization in upperreachesandmay permi
dowrstreamexpansiornof otheraquaic plant popuktions.

The US Bureauof Reclamationhasproposedntentioral warming of theriver by constrution of a multi-level
withdrawal structure on the upstrean face of the dam.Wammer sunmer river tempeaturesmay increasebentic
invertebrate,and possiby macroplyte, diversity and produdion. However,warmer temperatiresmay also alter
compeitive hierarchies and the distribution of Cladoptora, Oscillatoria, epiphytes and other macroplytes,
therebyaffectingthe invertebratefood baseand non-nativefish popuktionsin unpralictableways (Blinn etal.,
1989).

Natural ecologcal analogiesof regulaed rivers may provide insight into managemenoptionsand potential
developrentin this river system.Exceptfor flow maghitude and hourly variation condtionsin the tailwaters
reachresemblethose of cold, stenotlermic spring-fed tributariesin Grand Canyon,which suppot abundat
invertebratesnot presently found in the tailwatersreach.In contast, mainstreamthermal and benthic light
conditionsdownstreamfrom the PariaRiver resemle thoseof turbid gladal rivers (e.g.Milner, 1987)for which
no regionalanalogueexists.Where pre-impoumment conditionsare unknown andwhereno naturalecologcal
analoguexist, managerent mustbe basedon clearly articulated evaluationof resource andtrade-ofs. Such
practiceswill limit undesiredchangs in the benhos, fisheies andriparian biota.
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