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Disclaimer

This is thewingedmapleleafmussel(Quadrulafragosa)recoveryplan. Recoveryplansdelineate
reasonableactionsbelievedrequiredto recoverand/orprotectlisted species.Plansarepublished
by theU.S.Fish andWildlife Service(Service),sometimespreparedwith the assistanceof
recoveryteams,contractors,stateagencies,and others. Objectiveswill beattainedandany
necessaryfundsmadeavailablesubjectto budgetaryandotherconstraintsaffectingtheparties
involved,aswell astheneedto addressotherpriorities. Recoveryplansdonot necessarily
representtheviewsnorofficial positionsor approvalof anyindividualsor agenciesinvolved in
planformulation,otherthantheService. Theyrepresentthe official positionofthe Servicemily
afterbeingsignedby theRegionalDirectororDirectorasa~ipr~y~d. Approvedrecoveryplans
aresubjectto modificationsasdictatedby newfindings, changesin speciesstatus,andthe
completionofrecoverytasks.
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ExecutiveSummary

Currentstatus: Thewingedmapleleafmusselis a federallyendangeredspecies.Thesingleknownremnant
populationexistsin a 20-kilometerstretchofthelower St. Croix RiverbetweenMinnesotaandWisconsin.
Extensivesurveysofthis stretchoftheriver between1988 and1992 foundonly 77 individuals. In recent
years,reci-uitmentto this populationhasbeenlow; therehasnotbeena largecohortrecnxitedto the
populationsince1984.

Habitat requirements and population limiting factors: Specifichabitat requirementsofthis speciesare
notknown. The St. Croix River is in a moderatelyto minimally disturbedwatershedwith generallyhigh
waterquality. Theriver is a NationalWild andScenicRiverandthis designationconferssomeprotection
from anthropogenicdisturbanceofthepopulation. Major factorsofconcernfor thepopulationare:(a) low
reproduction,(b) low streamflow episodes,(c) highvariationin streamflow causedby hydroelectricdam
peakingoperationduringcertainseasons,(d) toxic spills, (e) potentialzebramusselscolonizationofthe St.
Croix River,(~) habitatdisturbanceor alterationby recreationalor commercialactivities,(g)humanandnon-
humanpredationanddisturbance,(h) waterqualitydeterioration,(i) land-usechangesin thewatershed;and
(j) lackofknowledgeofthemussel’slife history, especiallyits glochidial host.

Recoveryobjective: Recoveryanddelisting. Theobjectiveofthisrecoveryplan is to improvethesecurity
ofthewingedmapleleafmusselsoit mayberemovedfrom theFederallistofthreatenedandendangered
species.

Recoverycriteria: Specificdelistingcriteriaare:(a) Five discretepopulationsin atleastthreetributariesof
theMississippiRiver,unlessTask2D4 determinesotherwise;(b)A populationmustbeviableasdefinedin
TaskSA ofthis plan’sthenarrativeoutline; (c) A populationmustdemonstratepersistenceasdefinedin the
narrativeoutlineunderTaskSB; (d) A populationmusthavelong-termhabitatprotectionasdefinedin the
narrativeoutlineunderTaskSC.

Actionsneeded:
1) Maintainthe St. Croix populationofQ. fragosa.
2) ImproveourunderstandingofQ. fragosabiologyandecology.
3) IncreasetheSt. Croix populationofQ. fragosa.
4) Reestablishfour Q.fragosapopulationsin itshistoricalrange.
5) Reclassifyanddelist Q. fragosa.

EstimatedCosts(000omitted):
Y~ai: N~4i Need2 Need4 NeedS

IQ1~
1 $306.5 $140.0 TBD TBD TBD $446.5
2 $238.0 $140.0 TBD TBD TBD $378.0
3 $203.0 $100.0 TBD TBD TBD $303.0
Total $747.5 $380.0 TBD TBD TBD $1,127.5

Date ofexpectedrecovery: To be determined.

iv



Table of Contents

Title Page i
Disclaimer ii
Acknowledgements ii
ExecutiveSummary iv
TableofContents v
List ofTables vi
List ofFigures vi
List ofAppendices vii
List ofAcronyms vii

Introduction:
Descriptionof Quadrulafragosa:

Taxonomyandsystematics 1
Physicaldescription:

Shell 1
Internal structures 2

Comparisonto othermembersoftheQ. quadrulacomplex 2
Controversysurroundingspeciesdesignation 3

GeographicDistribution ofQ. fragosa:
Historic distributionand abundance 4
Presentdistribution 4

Biology,Ecology,andLife History:
Reproduction 5
Feeding 5
Habitat 5

Physicalhabitat 6
Chemicalhabitat 8
Biological habitat 10

Populationlimiting factors:
Reproduction 11
Fishhostsfor glochidia 12
Habitat 13

Reasonsfor Listing 13
ConservationMeasures 14
Strategyfor Recovery 17

Recovery:
RecoveryPlanObjectiveandRational 19
Narrativeoutline: 20

Task 1: Maintain St. Croix populationofQ.fragosa. 20
Task2: Improveunderstandingof Q. fragosabiology & ecology 25
Task 3: IncreasetheSt. Croix populationof Q.fragosa 27

V



Table of Contents(Cont.)

Task4: ReestablishQ.fragosapopulationsin historicalrange 28
Task5: Determinationofreclassificationanddelisting 29

References 31

Implementation Schedule:
Definitions 41
List ofAbbreviations 41
ImplementationSchedule 42

List of Tables:
Table 1. Historical distributionofQ.fragosawith references 45
Table2. WaterchemistryoftheSt. Croix River at St. Croix Falls 47
Table 3. PhysicalhabitatoftheQ.fragosapopulationin the

St. Croix River 48
Table 4. Fishtissuecontaminationat St. Croix Falls. 49
Table5. Major Municipal andindustrialpoint dischargersto the

St. Croix River 50
Table6. Musselcommunityfound in associationwith Q. fragosain

theSt. Croix River 51
Table7. Sizeandagedistributionof 76 Q.fragosasampledin the

St. Croix River between1988 and 1992 52
Table8. Fishdistributionin theSt. Croix River 54

List ofFigures:
Figure 1. Externalshell view ofwingedmapleleafmussel 0.fragosa,

St. Croix River, InterstatePark 56
Figure2. Historical distributionof Q.fragosa 57
Figure3. Meandaily dischargeatInterstatePark, 1902 to 1991 58
Figure4. Watertemperatureat St. Croix Falls, 1975 to 1991 59
Figure5. Suspendedsedimentat St. Croix Falls, 1975 to 1986 60
Figure6. Dissolvedoxygenat St. Croix Falls, 1953 to 1990 61
Figure7. Total alkalinity at St. Croix Falls, 1952 to 1986 62
Figure 8. Calcium andtotal hardnessat St. Croix Falls, 1971 to 1986 63
Figure9. Phat St. Croix Falls, 1953 to 1990 64
Figure10. Total ammoniaat St. CroixFalls, 1977 to 1986 65
Figure 11. Total phosphorusat St. Croix Falls, 1971 to 1986 66
Figure 12. Specific Conductivity at St. Croix Falls, 1971 to 1991 67
Figure 13. Sodiumconcentrationat St. Croix Falls, 1974 to 1986 68
Figure 14. Agedistributionof 76 Q.fragosain theSt. Croix River 69

Vi



List ofAppendices:
Appendix 1. Technicaladvisorscontribution,technical/agencydraftreview, andpeerreviewand

contribution.
Appendix2. Johnson’s(1995)reporton an instreamflow studyin theSt. Croix River.
Appendix3. Hornbach’s(1992)reporton habitatuseby Q.fragosa.
Appendix4. Hornbach’s(1995a)reporton habitatuseby Q. fragosa.
Appendix5. Hornbach’s(1995b)reporton habitatuseby Q.fragosa.
Appendix6. Hornbachetal. (1996)reporton habitatuseby Q.fragosa.
Appendix7. HansonandLeonard’s(1995)critical reviewofJohnson’s(1995)report.
Appendix8. Johnson’sresponseto HansonandLeonard’s(1995)critique.

Acronyms: Key to acronymsused in theRecoveryPlan:

MDNR = MinnesotaDepartmentofNaturalResources
MDOT = MinnesotaDepartmentofTransportation
MPCA = MinnesotaPollution ControlAgency
NSP Northern States Power Company
USACOE= United StatesArmy CorpsofEngineers
USEPA= UnitedStatesEnvironmentalProtectionAgency
USFWS = United States Fish and Wildlife Service
USGS= United States Geological Survey
USNPS= United States National Park Service
WDOT= Wisconsin Department of Transportation
WDNR = WisconsinDepartmentofNaturalResources

Vii



Introduction

Description of Quadrulafragosa

:

Taxonomy and systematics:

Phylum: Mollusca; (Linne 1758,Cuvier 1797).
Class: Bivalvia; (Line 1758afterBonnani1681).
Order: Unionoida;(Stoliczka1871).
Family: Unionidae;(Fleming 1828,Ortmann1911).
Genus: Quadrula;(Rafinesque1820).
Species: Quadrulafragosa;(Conrad 1835)nearsigf.

Quadrulafragosabelongsto the Q. quadrulacomplex,which includesthe following species:Q.
quadrula(Rafinesque1820),0. apiculata(Say1829),Q. rumphiana(Lea 1852),andQ.
asperata(Lea1861).

Synonymsinclude: Uniofragosus(Conrad1835)and U tragosus(sic) (Hanley 1842-1856).
Vernacularnamesinclude: maple-leaf(Danglade1914,Coker 1921, Shimek1921),hickorynut
shell (Baker 1928),roughmaplelea.f,stranger(Fuller 1 980b),falsemapleleaf(Fuller 1 980a),
wingedmapleleaf(Turgeoneta!. 1988),andwingedmapleleaf(Watters1988).

TheTypelocality is theSciotoRiver, Ohio. Thelocationoftheholotypespecimensis unknown.

Physicaldescription:

Shell: (Figure 1) Adult shellsgrowto about10 cm in length(Watters1988). Theshell profile is
variouslydescribedasbeingsuborbicular(Conrad1835),roundlyquadrate(Baker1928),
irregularlyquadrate(Simpson1914) to quadrate(Scammon1906,Watters1988). The shell is
ventricose,but the degreeofinflation variesfrom moderate(Watters1988)to greatlyinflated
(Utterback1915). Umbosareprominent,tuberculated,and incurvedorturnedforwardoverthe
lunule (Conrad1835, Scammon1906,Baker1928, andWatters1988). Theumbonalslopeis
angularwith aratioof0.2 to 0.3 (Conrad1835, Scammon1906). The anteriorumbonalslopeis
smooth(Scammon1906, Simpson1914),while theposteriorumbonalslopeis excavatedand
coveredwith a seriesofsmall, irregularortransverseplications,which aregently bowedventrally
(Scammon1906).

Theshell hastwo prominent,heavilytuberculated,radial ridges(Conrad1835,Utterback1915).
Theposteriorslopeis slightly concavewith afewnarrow,costatetubercles,which aremore
prominentnearthemargin(Conrad 1835,Utterback1915,Watters1988). Thelateralslopeis
markedposteriorlyby awideradial sulcus,borderedby arow oferect,prominenttubercles,
which extendfrom theumbosto themargin. Minor tuberclesarescatteredamongthemajor
ones,particularlyin theanteriorseries(Scammon1906). Theligamentslopeis straightor slightly
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oblique (Conrad1835,Utterback1915). Growthlinesarecontinuousandprominent(Scammon
1906).

Theposteriormarginis direct and slightly emarginate(Conrad1835),forming aright anglewith
theposteriorhalfof theventralmargin(Scammon1906). Theventralmarginis roundedand
formsafull curvewith the anteriormargin(Scammon1906, Simpson1914). Thedorsalmargin
is straightor only slightly curvedand is obliqueto both theanteriorandposteriormargins
(Scanimon1906). Thelight brown ligamentis shortandofmoderatethickness(Scammon1906).

Theepidermisofadultsis dull brown,usuallywith two orthreebroadand widely interrupted
greenrays(Conrad1835, Simpson1914,Ortmann1924). Somedescribetheadult coloras“horn
color to seal-brown”(Scammon1906)or evendarkyellowish(Utterback1915). Juvenilesare
tanto greenish(Watters1988).

Internalstructures:Very little studyofinternalanatomyhasbeendoneon this species.The
following description, except where noted, is from Scammon(1906). The pseudocardinal teeth
arelarge,erect,serrate,and doublein the left valveandsinglein theright valve(Scammon1906,
Simpson1914). Theinterdenumis broad,short, andquiteoblique. Theanterioradductorscaris
in front ofthepseudocardinalsandslightly underthe anteriorleft pseudocardinal.Thescaris
small, deeplyexcavated,andhasalevel floor. Theposteriorscarsareof moderatesize,
impressed,anddistinct. Thepallial line is impressedmostof its length. Dorsalmusclescarsare
few,but well marked,andlocatedon thelower surfaceofthepseudocardinals.The shellcavity is
moderatelylarge,but thebeakcavity is deepand compressed(Scammon1906, Simpson 1914).
Wilson andClarke(1914)studiedtwo gravidfemalesanddemonstrated“all four gills serveas
marsupia and are thick and pad-like”. The nacre is white and slightly iridescent (Scammon1906,
Simpson1914,Neel 1914,Watters1988).

Comparison to other membersof the Q. quadrula complex: Quadrulafragosashowsclosest
conchological affinity to Q. quadrula(= Q. lachrymosa,Obliquariaquadrula, Unio rugosus,U
lachrymosus,U quadrulus)andis thereforemostlikely to be confusedwith this species
throughoutmostoftheMississippiRiver drainage. Theshellprofile ofQ.fragosais more
roundly-quadrate(Conrad1835, Call 1900,Simpson 1914,Wilson andClarke1914,Utterback
1915,Coker 1921,Ortmann1924,Baker1928)thanthat ofQ. quadrula,which is transversely
quadrate.Thepostero-dorsalslopeofQ.fragosais widerand morealate(Baker1928; Watters
1988; M.E. Gordon, Tennessee Cooperative Fishery Research Unit, Tennessee Technological
University,Cookeville,in lilt. 1992). TheshellofQ. fragosais moreinflated(Conrad1835,Call
1900,Wilsonand Clarke1914,Baker 1928)and morestronglytuberculated(Conrad1835, Call
1900,Ortmann1924,Baker1928, Watters1988)thanQ. quadrula,and on theposteriorslopeof
Q.fragosathetuberclesarearrangedin transverserowswhichform thick, relativelysmooth,and
well-separatedcostae(Scammon1906, Wilson andClarke1914, andGordon1992). In Q.
fragosa,theumbosaremoreelevatedanddistinctly turnedforwardover the lunule (Baker1928).
Themedialsulcusis narrowerandmorecentrallypositionedin Q. fragosa(Gordon 1992).
JuvenileQ.fragosaaregreenerthancongenericspecies(Call 1900),but theyaremorphologically
similar (Neel 1941). Finally, thereis confusionabouttherelativesizeofQ.fragosa. Some
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authorsbelieveit thelargestmemberoftheQuadrulacomplex(Call 1885c) while othersbelieve
it doesnot grow aslargeasQ. quadrula (Wilson andClarke 1914).

Only Utterback(1915)comparedinternalstructures of Q. fragosawith Q. quadrula. He
consideredthem“identical, asfar ascanbe determined,with the scantysupplyofmaterialat hand
-- noneofwhich is in gravid condition,” andhegivesnoquantitativeor qualitativeinformationby
whichto assesshisjudgement.

Quadrulaapiculata (= Unjo speciosus)hasuniformly small tuberclesandacompletelypustulate
anteriorsinus(Neel 1941). Theshellmaybethick with distinct sinusesor flattenedwith indistinct
anteriorsinusandhigh, sharpridges. Theepidermisis normallygray. It is knownfromLouisiana
to centralTexas.

Quadrularumphianais knownfrom theAlabamaRiversystem. Theflangeandridge in Q.
rumphianaaredevoidoftuberclesandarequite prominent. Pustulesaresmooth,somewhat
flattened,andusuallyabsentneartheanteriormargin. Theperiostracumis straw-yellowandshiny
(Neel 1941).

Quadrulaasperatais morewidespreadthanQ. apiculataor Q. rumphianaand is foundfrom the
northeasterntributariesoftheAlabamaRiverto centralTexasand southto theGulfofMexico.
Theshell is completelycoveredwith small, smoothtuberclesarrangedin irregularrows spanning
thelengthoftheshell. Eachrow formsan inverted “W” shape,therearlengthofwhich is usually
continuouswith thecostaeatthe posteriormargin. Thispatternmaynot beobviousin individuals
with largeorvery fine tubercles. Theperiostracumis yellow to brown,green,orblack,andrays
areuncommonandusuallyobscure(Neel 1941).

Controversysurroundingspeciesdesignation: Conrad(1835)first describedQ.fragosa. Neel
(1941)reorganizedthegenusand reclassifiedQ.fragosaasavariantmorphof Q. quadrula.
DavidH. Stansbery(MuseumofZoology,Ohio StateUniversity, in litt. 1980)arguedthereare
no knownintergradesbetweenQ.fragosaand othermembersoftheQuadrulacomplex,andhe
thereforeconsidersQ.fragosaavalid species.Most authoritiesnow acceptthis designation(e.g.,
Fuller 1980aand 1980b,StarnesandBogan1988, Gordon1992),althoughsome(e.g.,Burch
1975; Johnson1980;R.I. Johnson,MuseumofComparativeZoology,HarvardUniversity, in litI.
1990)continueto follow Neel (1941).

TheU.S.FishandWildlife Service(Service)recognizesthereis notunanimoustaxonomic
agreementon thevalidity ofspeciesdesignationfor Q.fragosa(USFWS 1991). The disputeis
attributableto threediscreteissues. First is the lackofbasicbiological knowledgeaboutthe
relevantorganisms.For example,very little comparativeanatomyhasbeendoneon theinternal
organs,andno molecular(proteinorDNA) work hasbeendonethat might inform thediscussion
(DanielJ.Hombach,BiologyDepartment,MacalesterCollege,pers.comm. 1995c). Thesecond
issueis thehigh intraspecificvariability in shellmorphologyandcolorationthatnaturallyoccursin
mostpopulationsof freshwatermollusks. This variationmayreflect individual variation,
environmentalinfluences,or subspecificdifferentiationalongriverine ecoclinesor in isolated
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populations.Althoughcollectionsof commonor economicallyimportantspeciesarequite
extensive,collectionsofQ.fragosa,which is thoughtto alwayshaveoccurredat low frequency
andwasnot commerciallyimportant(seebelow), arespottyandsometimesmisidentified(David
H. Stansbery,in lift. 1991). Thefinal issue,omnipresentin systematicdiscussionsacross
taxonomicboundaries,dealswith thedegreeofdivergencerequiredfor valid speciesdesignation.
Goodfaith assessmentsby acknowledgedauthoritiesmayleadto divergentconclusionsand
shouldbeexpectedin an intellectuallyhealthyfield.

TheEndangeredSpeciesAct of 1973,asamended(Act), defines“species”to includesubspecies
and distinct populations of species. While some controversy may remainoverthe legitimacyof
speciesdesignation,theServicebelievesQ.fragosaclearlymeetstheAct’s definition ofspecies.

Geographic Distribution of Quadrulafragosa

:

Historic distribution and abundance: The historic distribution ofQ.fragosais summarizedin
Table 1 andFigure2. Therearerecordsfrom 34 rivers in 12 states,all fromtributariesofthe
upperMississippiRiver orfrom theMississippiRiveritself Therecordsdatefrom 1835 to 1992,
with mostfrom 1885 to 1920. Recordsfrom theKiamichi River, Oklahoma,areuncertain--

(Caryn Vaughn, Oklahoma Biological Survey, in lilt., with specimens1992;David H. Stansbery,
in litI. 1974)identifiedQ. fragosain theriver, butVaughn(1992)alsoidentifiedQ. quadrula
there. QuadrulafragosaandQ. quadrulamay both occurin theKiamichi River, possiblywith
otherunderdescribedand/ordescribedQ. quadrulacomplextaxa. TheWingedMapleleafMussel
Recovery Teambelieves this issue is unresolved at this point and requires further investigation for
resolution. Similarly, a 1960 reportfrom theTennesseeRiveris questionablebecauseScruggs
(1960)calledonespeciesQ. fragosa,but usedthecommonnameofQ. quadrula,mapleleaf,in
describingthe sameorganism.Extensivesurveysdonein theTennesseeRiver atthe sametime
foundQ. quadrula,but not 0.fragosa(DavidJ.Heath,WisconsinDepartmentofNatural
Resources,pers.comm. 1995).

Danglade(1914)foundQ.fragosain only 1 of23 samplesin theIllinois River, oneindividual of
210 individuals in that onesample. Isley (1925)foundQ.fragosain only 3 of51 stationsin
easternOklahomaanddescribedit asrareatthe3 stations. Authors who make qualitative
assessmentsoftheabundanceofQ.fragosasupportthe ideathatit had a sporadicdistribution
andwasuncommonwhereit wasfound(e.g.,Coker 1921,Neel 1941,Frest 1987). Theonly
exceptionsto thesereportsareKeyes(1889),who reportedQ.fragosacommonin theIowaand
RaccoonRiversand Shimek(1888),who alsoreportedQ.fragosaabundantin theIowaRiverin
1883,but rareby 1888.

Presentdistribution: Quadrulafragosais probablyextirpatedfrom its entirehistoric range
exceptfor oneremnantpopulationin theSt. Croix RiverbetweenMinnesotaandWisconsin.
Hart collectedQ.fragosafrom the St. Croix River sometimeprior to 1919(Kevin S. Cummings,
Illinois StateNaturalHistory Survey,in lilt. 1989). TheWisconsinDepartmentofNatural
Resourcesrediscoveredthis populationin 1987(WDNR unpublisheddata,Havlik andFrink
1989). HeathandRasmussen(1990)found49 live specimensin the St. Croix Riverat Interstate
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StateParkin 1988 and 1989. GlennA. Miller (GreatLakesIndianFishandWildlife Commission,
in lift. 1992)found 10 live and24 deadQ. fragosabetweenInterstateParkandOsceola,
Wisconsin,in 1990and 1991. Hornbach(1992)found 1 Q. fragosaat Franconia,Minnesota,in
1991 and26 live Q.fragosaatInterstateStateParkandFranconiafrom 1992 to 1995 (Hornbach
eta!. 1996). All knownspecimenshavebeencollectedfrom abouta20-kmreachoftheriver, but
thefull distribution andsizeoftheQ. fragosapopulationin theSt. Croix Riverarenot defined.

Thereis apopulationofmusselsin theKiamichi River,Oklahoma,identifiedasQ.fragosa,but
therearetaxonomicquestionsaboutthis particularpopulation(seediscussionabove).

Biology. Ecology,and Life History

:

Reproduction:Reproductionin unionidmusselsoccursduringa discretebreedingseason.This
seasonis not knownfor Q.fragosa,althoughthepresumedbroodingperiodis lateMayto the
middleofJuly (Baker1928,HeathandRasmussen1990). Wilson and Clark(1914)reportedtwo
gravidQ. fragosafrom theCumberlandRiver on May 17 and29, andnotedtheybroodglochidia
on all fourgills. Sexesin unionidmusselsarenormally separate,and femalesproducealarge
numberofeggs(500,000to severalmillion), whicharebroodedon specializedmarsupiaon the
gills (Oesch1984). Spermareshedinto thewaterin “volvocoid bodies” andtakeninto thefemale
throughthe incurrentsiphon(Fuller 1974). After fertilization,zygotesdevelopinto larval
glochidia,which aretypically eitherspinedorhooked,dependingon thesubfamily (Fuller 1974).
Glochidiaarereleasedinto thewaterthroughthe excurrent siphon and passively infect a
vertebratehost, typically a fish (Oesch1984). Glochidiaattachandthenencystoneitherahost
fish gill or fin (Oesch1984). Parasitismis normally obligate,but thespecificityofthehost-
parasiterelationshipis highlyvariableandpoorlyknownfor mostspecies(Fuller 1974). Unionids
mayutilize only onehost speciesormanyspeciesacrossabroadrangeoftaxonomicgroups.
Knowledge of host species is very limited because of problems in identifying glochidia and
because of variability within individual species; a mussel may parasitize one species in one part of
its distribution and a different species in a different part ofits range(Heath1991). Oesch(1984),
however, believes the distribution of a host fish can limit the distribution of a mussel. After
encystment,glochidiametamorphoseanddropoff oftheir host. Theymustsettlein suitable
habitat because their mobility is limited (Oesch 1984). The maximum age of Q. fragosais not
known, but the oldest known individual in the St. Croix population was aged at 22 years.

Feeding: Considerablegapsremainin theknowledgeofthefeedingecologyofmussels.Mussels
are thought to be generalist filter feeders, consuming suspended particulate matter (Bronmark and
Malmqvist 1982). Most ofthe particulate matter is thought to be phytoplankton and small
zooplankton(Fuller 1974),but thereis a growingconsensusthat detritusformsa significant
fractionofthediet ofmostmusselsandmaybe obtainedeitherfrom suspensionor deposit
feeding (Way eta!. 1990,Gordon1992).

Habitat: Very little is knownaboutthe specifichabitatrequirementsofQ.fragosa. Historical
descriptions characterized Q. fragosaas a “large-stream” species (Wilson and Clark 1914, Baker
1928)foundon mud (Baker 1928),mud-coveredgravel(Ortmann1924),and gravel(Ortmann
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1925)substrates.TherearethreehistoricalreportsofQ.fragosafrom impoundments(Wilson
and Clark 1914,Scruggs1960 [but note the qualification of this recordin the historical
distributionsection];andUniversityofWisconsinZoologyMuseum1985 collectionfrom Lake
St. Croix). WilsonandClark (1914)reportedQ.fragosafrom 21 different bedsin the
CumberlandRiver systemandthesebedsvariedconsiderably in their habitatfrom impounded
waterto fastflowing waterandfrom muddyto sandyto cleargravelsubstrates.Theyfound
musselsin 1.5 m to 6.5 m depth. Ortmann(1924)reportedQ. fragosafrom a spillwayjustbelow
a dam.

Thereis substantialinformationon thehabitatoftheremnantpopulationin theSt. Croix River.
Heath(1995)foundQ. fragosain riffles with cleangravel,sand,or rubblesubstratesandin clear
waterofhighwaterquality. Quadrulafragosawasmostabundantin shallowareaswith fast
current. The specieswasabsentfrom recentsurveysofLakeSt. Croix (HeathandRasmussen
1990, Fuller 1980a,Havlik 1985,Doolittle 1988),anatural impoundmentandpartofthehistoric
distributionofQ.fragosa(Fuller 1980c,MalacologicalConsultants1985and 1986,Havlik 1987,
Doolittle 1988). LakeSt. Croix hasafine-sandor silt substrateand moreturbid waterthan
upstreamreacheswhereQ.fragosaoccurs.

Thefollowing is the St. Croix River habitatofQ.fragosa;the St. Croix River maynot reflect
ideal Q.fragosahabitat. TheSt. Croix Riverbecamepartof theNationalWild and Scenic
Riverwaysystemin 1968. Graczyk(1986)providesathoroughdescriptionofthebasinand
discussionofwaterqualityof streamsin thebasin. TheSt. Croix flows southfrom UpperSt.
Croix Lakein northwesternWisconsinto theMississippiRiver atPrescott,Wisconsin/Hastings,
Minnesota. Theriver’s drainageareais 22,225km2 (Graczyk1986). Forestproducts,
agriculture, and recreation aremajorlandusesin thebasin(Graczyk1986). Theclimateis
continental,with long, cold wintersandrelativelyshort summers.Averageannualtemperatureat
Spooner,Wisconsin,is 5.60C,ranging from a meanof-11.80Cin Januaryto ameanof2l.90C in
July. Normalannualtotal precipitationat Spooneris 73.4 cmvarying from 11.3 cmin Juneto 1.7
cm in JanuaryandFebruary. Meanannualsnowfall is about115 cm (Graczyk1986).

Physicalhabitat:

TheU.S.GeologicalSurvey’sNationalStreamQuality AccountingNetwork(NASQAN)
maintainsawatersamplingstationat St. Croix Falls,Wisconsin,belowthehydroelectricdam.
TheMinnesotaPollution ControlAgencyhasalsocollectedwaterqualitydataat St. Croix Falls in
theimpoundmentabovethedam. Physicalandchemicaldatacollectedby thesetwo agencies
wereretrieved through STORET and are summarized in Table 2 ofthis recoveryplan and in
Figures4 through13.

Substrate:Table3 showsthemeasuredphysicalhabitatparametersfor 11 Q.fragosafoundin
theSt. Croix River. Hornbacheta!. (1996)reportedon alargersample(N 26)ofQ.fragosa,
which includedthese11 individuals. TheQ.fragosawerefoundat an averagedepthof0.98 m
(SD = 0.46),45 percentdeeperthantheaveragedepthof268 quadratswhich did not containQ.
fragosa. Mean0 [-Log

2(particlediameter)]in quadratswith Q.fragosawas -1.9(SD = 1.1),
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whereasmean0 for 268quadratsnot containingQ.fragosawas-1.90(SD = 1.4). Hornbach
concludedtherewasno significantdifferencein 0 for quadratscontainingQ.fragosaand those
thatdid not.

Streamflow: Streamflow in theSt. Croix River is highlyvariableon diel, seasonal,and annual
scales.Low watermayexposemusselbedsto predation,desiccation,extremetemperatures,
physicalscouringby ice,ormay preclude reproduction either directly orthroughindirecteffects
on theglochidialhostpopulation. Figure3 showsmeandaily streamdischargeat InterstatePark
from 1902 to 1991. Streamdischargeaverages122 m3 s’ (4,298cfs),but is highlyvariable. The
highestrecordedstreamflow is 1,560m3 s’ (54,900cfs) while the lowestreportedstreamflow is
2.1 in3 s’ (75 cfs). Recentepisodesofvery low flow havebeenrecorded. For example,
concerningthesummerdroughtof 1988,Heath(1995)stated“thousands,possiblytensof
thousandsofmusselswereexposedand dying alongthe shore,includingHiggins’ eye(Lampsilis
higginsi) andQ.fragosa. This appearedto havebeencausedby naturallylow flows.” Daily
meanflows wereaslow as31 in3 s’ (1,100cfs) in July 1988 andtheJuly monthlymeanflow was
only 38 m3 s’ (1,345cfs). During thewinter of1988, theSt. Croix Riverwastermed
“dewatered”at Interstate Park (Heath 1995). Winter dewatering below the hydroelectric dam at
St. Croix Falls occursbecauseofthe“peaking” modeof damoperation(Hornbach1992,Johnson
1995,Hornbach1995aand 1995b).BecauseQ.fragosais arelatively heavy-shelledspecies,it
thought incapable of significant burrowing or movement to avoid desiccation (Hornbach 1992).

£ua~nI: Table3 showsmeasuredcurrentvelocity at the locationofsix Q. fragosain theSt.
Croix River (from Hornbach1992). Theaveragebottomcurrentfor 26 Q.fragosawas0.19 m
sec’ (SD = .10),32 percentslowerthanin 268 quadratswhich did not containQ. fragosa
(Hornbacheta!. 1996).

Temperature:Temperatureinfluencesphysiologicalandbehavioralparametersofmusselsand
canbelethalat eitherhot orcold extremes(Fuller 1974). Watertemperaturein theSt. Croix
variesseasonallyfrom an annualhigh of about250C to an annuallow of 00C. Themaximum
watertemperatureobservedbetween1966and 1990was280Cand theminimumwas00C
(Figure4).

Suspendedsediment:Sedimentin rivers is derivedfrom erosionofsoil andscouringofstream
channels.Depositionof sediment, particularly in reservoirs behind dams, is deleteriousto some
mussels(Chutter1969). Themeansuspendedsedimentlevel for theSt. Croix River at St. Croix
Falls between1974and 1986was8.8 ing 1’ (Figure5). Theannualpeakin suspendedsediment
occursbetweenApril andJunein mostyearsandcorrelateslinearly with streamflow (Graczyk
1986). Thesuspendedsedimentconcentrationin the St. CroixRiver is well belowanaverage
figure of 110 ing P1 for Wisconsin rivers used by Graczyk (1986).

Wilson and Clark (1914) reported an average of 165 ing P’ suspended sediment at Kuttawa, on
theCumberlandRiver, in 1907,which hadapopulationofQ.fragosaat thattime.
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Chemical habitat:

Qyg~n: Oxygenis requiredfor aerobicrespirationandFuller (1974)suggests3 mgF’ is a lethal
thresholdfor manyspeciesand6 mg F’ maybetheminimumrequiredfor normalgrowth. The
meandissolvedoxygenconcentrationfor 161 samplesbetween1953and 1990 at St. Croix Falls
is 9.5 mgF’. Oxygenconcentrationsfell below 6 mgF’ only seventimes, andall episodes
occurredprior to 1973(Figure6). Theminimumoxygenconcentrationmeasuredwas4.0 mg F’.
Lesscompletedatafrom otherareasalongtheSt. Croix River, includingOsceola,andDanbury,
Wisconsin,andStillwater,Minnesota,supportthe indicationofno significantoxygendepletionin
thereachoftheriver inhabitedby Q.fragosa.

Alkalinity andrelatedparameters:Alkalinity is an importantparameterfor two reasons.First, it
is ameasureofthebuffering capacityofawaterbody, which is importantto maintainnormal
bloodchemistryin mussels. Second,it is an indirect measureofthe availability ofcalcium,which
is requiredfor shell growth. Total alkalinity canlimit mollusksin freshwater,and Fuller (1974)
suggestsmanymollusks requireatleast 15 mg F’ total alkalinity. The St. Croix River at St. Croix
Falls hasan averagetotal alkalinity of74.7 mg F’ andis abicarbonatetyperiver (Figure7).
Essentiallyall ofthehardnessis from calcium(~63 percent,seeFigure8) andmagnesium(z37

percent),andthe averagecalciumconcentrationis 51.2 mg F’. Thewateris well bufferedwith
medianpHof7.6 -- fewerthan7 percentofthepH measurements between 1953 and 1989 were
below 7.0 (Figure9).

WilsonandClark (1914)report an averagevalueof28 mgF’ of calciumandabout100 mg F’ of
alkalinity atKuttawa, on theCumberlandRiver, in 1907,which hadapopulationof Q.fragosaat
thattime.

Nitrogen: Thevariousinorganicformsofnitrogenareplant nutrients,but ammoniamaybe
deleteriousto unionidmussels(Fuller 1974)andis toxic to fish (Boyd 1979). Fullersuggests0.6
mg F’ ammoniamaybe athresholdfor mussels,althoughhe statesit is not knownwhetherthe
effect ofammoniaon unionidsis director is mediatedthroughits effecton theglochidial fish
host. More recentresearchsuggestsfreshwatermusselsaremoresensitiveto un-ionized
ammoniathanmanyfish species(Arthureta!. 1987, Hickey and Vickers 1994). Using juvenile
Anodontaimbecillis,Wade(1992)foundtheLC50 for un-ionizedammoniawas 153 g INH3l
during 9-day exposure. Ammonia levels in the St. Croix are relatively high with a mean value of
0.09 mg F’. Figure 10 indicates one sample in 1981 exceeded 0.6 mg F’, which corresponds to an
episode of very low stream flow. Even with this high value excluded, however, the mean
ammoniaconcentrationis 0.07 mg ~ Graczyk(1986)reportedonatrendanalysis(seasonal
Kendalltest)doneon waterdatacollectedbetween1974and 1981;theonly parameterto show
noticeableincreasein thatperiodwastotal ammoniaasNitrogen. Hereportedanannualincrease
in the mean load of 26.1 percent over that period, but the few data available do not support the
continuation of that trendthroughthe 1980s.
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Phosphorus:There is no known correlation between mussel abundance and total phosphorus
(TP)(Fuller1974). Phosphorus is, however, an important plant nutrient and can stimulate
phytoplankton blooms with consequent negative effects on dissolved oxygen and other water
quality parameters (Wetzel 1975). In flowing rivers, nuisance algal growths are normally absent
at concentrations below 0.1 mgF’ TP (MacKenthum 1973). Mean TP in the St. Croix River at
St. Croix Falls was 0.06 mg F’. Several individual samples greatly exceed the 0.1 mg F’ threshold,
but no individual measurement has exceeded about 0.2 mgF’ since 1980 (Figure 11).

Conductivity: Specific conductance (Figure 12) varies seasonally, with high values over 200
~mhoscm’in winterandlow valuesaround150 ~.smhoscnf~’ in summer. Themeanspecific
conductance of 169 wnhos cm’ is well within the range typical of inland rivers. Sodiumand
chloride are constituents of deicing agents applied to roadsandarecomponentsofconductivity
that arebiologically importantbecausetheycanbe toxic at highconcentrations(Fuller 1974).
Sodium and chloride do not appearto fluctuateseasonallyand all measuredvaluesarewithin
normallimits for freshwaterorganisms(Figure 13).

M~ni~: Fuller (1974) considers zinc, copper, mercury, and silver the most toxic metals to
mussels.Zinc concentrationsof65 mg F’ were thought to have contributed to the loss of mussel
species from the Nolichucky River in Tennessee; copper concentrations of 25 ~ F’ are lethal to
some unnamed unionids (Fuller 1974). Mercury levels in fish tissues from the St. Croix River at
St. Croix Falls areshownin Table 4. In 1992, the Minnesota Department of Health (1992)
postedhumanfish consumptionadvisoriesfor eightspeciesoffish atMarineon St. Croix because
ofcontaminationby bothmercuryandpolychiorinatedbiphenols(PCBs). Cadmiumhasalsobeen
shown to be acutely toxic to juvenile unionids (Salanki 1979, KellerandZam 1991,Lasee1991,
MohanandHameed1991). Two tracemetals(total iron andmanganese)exceedUSEPA(1976)
standardsfor drinking water. Themeanconcentrationoftotal iron at St. Croix Falls was880 ~sg
F’ while the mean concentration of manganese was 80 ,ug F’. Thereis evidence of heavy metal
accumulationin the shellsofsomespeciesofunionids(TroelstrupandFoley 1993).

Toxics: A singlechemicalspill into the St. Croix upstreamof theQ.fragosapopulationcould
provecatastrophic.Little is knownabouttheprobabilityofoccurrence,likely natureofthe
chemical,or potentialmagnitudeofthis threat. However,a spililleak ofpetroleumproductsat St.
Croix Falls in the autumn of 1992 may have causeda significantfish kill in a hatcherythere(Paul
J.Burke,Twin CitiesField Office, U.S.FishandWildlife Service,pers.comm. 1995). Water
from thehatcherydischargesto theSt. Croix Rivera shortdistanceabovethe Q.fragosa
population. This episode suggests thethreatoftoxic spills is significant.

Graczyk (1986) reported on two studies of commonpesticides in the St. Croix River basin. The
first study failed to detect pesticides or pesticide residue (of the 18 studied) in the water. The
secondstudy failed to detectpesticidesorpesticideresidue(ofthe28 studied) in a mixture of
water, suspended sediment, and sediment in the Namekagon River. Trace amounts of PCBand
Aroclor werefoundin fish tissuecollectedin 1989 at St. Croix Falls (Table 4).
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Wailer (1992)demonstratedthat applicationofBacillusthuringiensisisraelensis(Bti) to waterto
control dipteran insect pests had no impacton unionidmortality during a 1-hourexposure
monitored for four days after exposure. It is not known if watertreatmentfor dipterans,with
either Bti or chemicals, occurs above or within the reach of the river containingtheQ.fragosa
population.

There are 12 municipal and industrial facilitieswith wastewaterdischargepermitsbetweenSt.
Croix Falls and Prescott, Wisconsin. Six of these are within the reach containing Q. fragosa
(Table 5). These facilities are required to monitor their discharges and to remainwithin stated
limits for specifiedwaterquality parameters.Thereis concernthat thepermitsmaynot coverall
relevant parameters, such as metals, from municipal dischargers. There is also concernthat
permits may not be adequately monitored or enforced (Sigford and Eleff 1990).

Biological habitat:

Mussel communities: From 1992 to 1995, Hombach etaL (1996)completeda detailed mussel
community survey at Franconia and Interstate Park in the St. Croix River. Twenty-six of his 294
0.25 in2 quadrats contained Q. fragosa.His results from 1992 are presentedin Table6. Average
musseldensity in quadratswith Q.fragosawas37.5 m2 (SD = 18.2),while quadratswithout Q.
fragosaaveraged21.3 musselsm2 (SD = 22.6)(Hornbach eta!. 1996). Quadrulafragosa
quadrats had average species richness of 4.9 species quadraf1 (SD = 1.8) compared to 2.6 species
quadraf’ (SD = 2.0) in quadrats with no Q.fragosa(Hornbach eta!. 1996). Hornbach et a!.
(1996)foundthreemusselspeciesto be significantly associatedwith Q.fragosa:(1) Truncilla
truncata, (2) Q. metanerva,and(3) T donac{formis.Averagemusselsizewasalsolargerin
quadrats with Q. fragosathan in those without Q.fragosa(Hornbacheta!. 1996). Hornbach et
a!. (1996) concluded Q. fragosais found only in habitat that is generally “high quality” habitat for
other mussels.

Predators and disturbance: Therearemanyknownvertebratepredatorsofmusselsand it is likely
that most predation is opportunisticratherthanhighly selective. Oesch(1984)suggestsmuskrats
areparticularly importantmusselpredators;WilsonandClark (1914)mentionmuskratpredation
and apparent selection of Q.fragosaby muskrats. Muskratpredationhasbeenshownaserious
threatto otherendangeredmussels(NevesandOdom 1989). Otherknownpredatorsinclude,but
arenot limited to, mink, raccoons,fish, turtles,andwaterbirds (Oesch1984).

ArchaeologicalresearchindicatesnativeAmericansusedQ.fragosafor food(J.L. Theler,
University of Wisconsin-La Crosse, in lift. 1987). Quadrulafragosawas not specifically subject
to significant exploitation in the button or pearling era, possibly due to its rarity and a behavioral
trait that prevents it from being susceptible to grapplinghooks(WilsonandClark 1914). Unionid
mussels in general continue to be harvested for food, collection, fish bait, and other incidental
purposes.Commercialharvestwasclosed on the St. Croix in 1986 by theStateofWisconsin
(WisconsinAdministrativeCodeNR 24.09, 1986)andin 1991 by theStateofMinnesota. Since
1987,therehasbeenevidencethat mussels,includingQ.fragosa,havebeenharvestedillegally,
either for human consumption or for fish bait (Doolittle 1988, Hombach1995c,Heath1995).
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There is evidence that recreational (primarily small motor boats) and commercial (primarily
paddlewheeltour boats)vesselsmaybe causingsignificantlocal disturbanceto musselbedsby
physical disturbance of the substrateandby enablingboatersaccessto otherwiseisolatedmussel
beds (Heath 1995). Thereis considerable wading and swimming activity in the immediate vicinity
ofoneofthemostimportantmusselbeds. Thesedisturbancesareofparticularconcernduring
periodsofglochidial brooding,becauseambleminemusselsareknownto readily abortwhen
disturbed (Heath 1991).

The entire historical distribution of Q.fragosahas been significantly altered by human
development in the Mississippi River basin. Development included, but was not limited to,
damming, dredging, and channelization of rivers; agricultural cultivation with application of
fertilizers, pesticides, and herbicides; and municipal and industrial waste discharges. These
developmentsareprobablyresponsiblefor widespread and precipitous decline in mussel
communities in general, and the extirpation or extinction of several species, but few studies have
addressed directly the specific impact of any one of these factors (Fuller 1974).

Competitors: Little is known about interspecific competition among mussels or between mussels
and species of other animal taxa. Mussels are not known to partition their food resource
(Bronmark and Malmqvist 1982) and are characteristically found in communities of mixed mussel
species, commonly called beds. Somesedentary organisms compete for space(Connell 1961),
but thereis no dataon this for freshwatermussels.

Zebramussels (Dreissenapolymorpha)have been detected in the upper Mississippi River system
asfar northasMinneapolis,Minnesota,but theyhavenotyet beendetectedin the St. Croix River
in spiteofboth passive monitoring (Hornbach 1995c) and active searches (Burke 1995). Zebra
musselscan interact with native mussels and cause significant negative effects on the abundance
of individual mussel species and on the community parameters of species richness and species
diversity (HunterandBailey 1992,Haag eta!. 1993). Zebramusselinteractionmaybethrough
directattachmentto theshellofothermussels(sometimesin suchnumbersthat theentireshell is
covered),or indirectlythroughcompetitionfor food,calcium,or space(Hunterand Bailey 1992,
Haageta!. 1993). Zebra mussels may degrade mussel habitat by covering the substrate with their
pseudo-feces.Therearesimilar concernsregardingthe quaggamussel(Dreissenasp.).

Parasites and disease: Oesch (1984) lists water mites, trematodes, leeches, bacteria, and some
protozoa as the principal mussel parasites, but suggests they are not normally a major limiting
factorfor mussels.Musselpopulationsin theMississippiRiver systemsuffered serious declines in
the 1980s(Neves1987).

Population limiting factors:

Reproduction: Between 1988 and 1992, 76 live Q.fragosafrom the St. Croix River were
measured by three independent investigators (Table7). In 1987,a single live Q. fragosawas
found in the St. Croix River, but no measurements weretaken(Havlik andFrink 1989). To date,
no Q.fragosahas been observed brooding glochidia, including 27 individuals collected during the
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presumed brooding period of late Mayto mid-July (Heath and Rasmussen 1990, Hombach 1992).
Only oneindividual hasbeenfoundthat wasrecruitedduring the 1988to 1992 study period
(Figure 14). Thesetwo facts suggestQ.fragosahas failed to reproduce in significant numbers
since 1987. If true, such a reproductive failure (demographic stochasticity)posesasingular
concern to the viability of the St. Croix population (Gilpin and Sould 1986). There are three
possibilities to consider:

1) Quadrulafragosayounger than 4 years old can be difficult to identify and may be under-
sampled by methods employed in these studies. Support for this hypothesis comes from surveys
in 1988 and 1989 that failed to find any Q. fragosarecruitedafter 1984, even though subsequent
work demonstrated reproduction in 1985, 1986, and 1987. Only one 3-year old has been found
and identified in all work to date even though it is now known that therewere 1, 2, and 3-year
olds in the river during the 1988 and 1989 work.

2) Quadrulafragosamay have a highly variable recruitment rate naturally. The 1984 age class is
apparently a very large class and accounts for nearly 30 percent of all Q.fragosaobserved (Figure
14). The age histogramin Figure14 may be typical of a healthy Q.fragosapopulation.

3) Quadrulafragosamay have a highly variable recruitment rate that responds to some
environmental parameter and the age distribution in Figure 14 is indicative of a population at great
risk of stochastic fluctuations in reproductive success.

Fish hosts for glochidia: The host fish for Q.fragosaglochidia is unknown. However,
something is known offish hostsfor six otherQuadrulaspecies(Oesch 1984, Hill 1986).
Historical studiesoffish hostsshouldbe treatedwith caution,however,becausetheywere
premised on the highly problematic assumption that glochidiacouldbeidentifiedto species
(Hoggarth 1992). Sixteenfish species from 5 families are thought to be hosts to glochidia of the
genus Quadrulaand 11 of these are found in the St. Croix River (Table 8). Of these 11 fish
species, 8 are known from recent surveys ofthestretchofriver whereQ.fragosais found. These
includebluegill (Lepomismachrochirus),blackcrappie(Pomoxisnigromaculatus),whitecrappie
(P. annularis),channelcatfish (Ictaluruspunctatus),largemouthbass(Micropterussalmoides),
and the spotfin shiner(Notropisspilopterus). Thebrownbullhead(I. nebulosus)hasnot been
found in the St. Croix River since 1975 and the flathead catfish(Pylodictisolivaris) has
demonstrated a historical decline in the St. Croix (Fago 1986). This might be significant because
this catfishservesashostto threeQuadrulaspecies.

Only one fish host is known for Q. quadrula(flatheadcatfish),while theotherQuadrulaare
thoughtto usebetweentwo andsix fish hostsfrom different taxonomicfamilies. Themembersof
the genus also share fish hosts, e.g.,threeQuadrulaspecies use flathead catfish, while two use
bluegill, channel catfish, and white crappie.
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Habitat: The availability of suitable habitat is a major concern for the continued existence of Q.
fragosa. Any speciesrestricted to a single, small geographic population is particularly vulnerable
to stochasticevents(environmentalstochasticity)(e.g.,low waterlevels,toxic spills, climactic
events)whichcouldkill theremainingindividuals(Gilpin and Sould 1986).

The CorpsofEngineersis responsible,undertheRiverandHarborsAct, for maintaininga
navigable channel approximately 1 mdeep from the mouth of the St. Croix Riverto St. Croix
Falls. The National Park Service is responsible for development within park boundaries.
Dredging and snag removal for channel maintenance,developmentofboataccesses,andother
developments could cause significant Q.fragosahabitat deterioration in the river. There are no
known plans for dredging or related work, and under Section 7 of the Act, the Corps of Engineers
must notify the Service before such activities are initiated. The National Park Service has agreed
to notify the Service of planned developments and to survey for Q.fragosaprior to undertaking
work in the St. Croix River whereQ. fragosaoccurs.

Reasonsfor Listing: Quadrulafragosabecamea Category2 candidatefor listing under the Act
in 1984 (USFWS1984). The mussel’s status was changed to Category 3C in 1989 (USFWS
1989), but subsequent analysis of records of occurrence from states with known historical
populationsofQ. fragosaindicated Category 3 Cwas inappropriate. Endangered status was first
recommended in 1990 (USFWS1990) and adopted in the final rule, effective July 22, 1991
(USFWS 1991).

The principal reasons given in the final rule (USFWS 1991) for listing Q.fragosaasendangered
are:

1) This species has been eliminated from nearly all of its original 11-state range (Figure 2) and is
now known from a single extant population along one 20-kilometer reach of the St. Croix River.

2) The remnant population is thought to be small and therefore vulnerable to stochastic
disturbances, such as toxic substance spills or low water levels.

3) Reproductive success is also jeopardized by the small populationsize. Surveysin 1988 and
1989 (Heath and Rasmussen 1990) failed to collect any individuals brooding young or less than
four years old, even though congeneric individuals collected in the same survey showed evidence
of successful reproduction.Additionally, smallpopulationsareknownto be vulnerableto various
geneticconstraintswhich canindependentlythreatenaspecies(AllendorfandLeary 1986).

4) Changes in land use practices in the watershed areanticipatedbecausethewatershedis closeto
a major and growing metropolitan area.Thesechangeswill probablyaffect thehabitatquality of
Q. fragosa. Also, recreational boat use in the vicinity of the population is heavy and potentially
damaging.
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ConservationMeasures: Someactivities to conserveand recover Q.fragosawerebegunbefore
thespecieswaslisted undertheAct, otherswerebegunafterlisting, but beforeapprovalofthis
recoveryplan.

Section7(a)of theAct requiresFederalagenciesto evaluatetheir actionswith respectto species
proposedor listed asendangeredor threatenedandwith respectto theircritical habitat,if any is
designated.Regulationsimplementinginteragencycooperationundersection7 ofthe Act are
codified in theCodeofFederalRegulationsat 50 CFRPart402. Section7(a)(2)requiresFederal
agenciesto insurethe activitiestheyauthorize,fund,or implementarenot likely to jeopardizethe
continuedexistenceofa listedspeciesorto destroyor adverselymodify its critical habitat. If a
Federalactionmayaffect a listed speciesor its critical habitat,theresponsibleFederalagency
mustenterinto formal consultationwith the Service. With listing cametheprotectionofsection7
oftheAct. Section7(a)oftheAct requiresFederalagenciesto consultwith theServicewhen
actionstheyfund,permit,approve,orconductcouldadverselyaffect a listed species.The
purposeofsection7 consultationis to allow the ServiceandtheFederalactionagencyto review
theproposedactionto assureit will not drive aspeciesto extinctionor eliminatethepossibility of
its recovery.

Section9 of theAct and implementingregulationsat 50 CFR21 addressspecificallyprohibited
activitiesregardinglisted speciesinvolving import andexport,commercialtrade,possessionand
transportation,and take. UndertheAct andregulationsit is illegal to harass,harm,pursue,hunt,
shoot,wound,kill, trap, capture,or collect, or attemptany oftheseactivities.

TheAct and50 CFR17.22 alsoprovidefor the issuanceofpermitsto conducttheotherwise
prohibitedactivitiesinvolving endangeredspeciesundercertaincircumstances.Permitscan
authorizetakeby identifiedindividuals to enhancepropagationor survivalofthespecies.The
Serviceanticipatesfewtradepermitswill besoughtor issuedfor Q. fragosa. Requestsfor copies
oftheregulationsandinquiries regardingthemmaybe addressedto theU.S.FishandWildlife
Service,EndangeredSpeciesPermitsCoordinator,FederalBuilding, 1 FederalDrive, Ft. Snelling,
Minnesota55111-4056.

Protectionsand considerations,providedby lawsandauthoritiesotherthantheAct, became
applicableto Q.fragosawith its listing undertheAct. For example,aMemorandumof
Understanding(MOU) wassignedin 1994by theU.S.ForestService,DepartmentofDefense,
U.S. Army CorpsofEngineers,NationalMarineFisheriesService,BureauofLandManagement,
BureauofMines, BureauofReclamation,MineralsManagementService,NationalParkService,
U.S. CoastGuard,FederalAviation Administration,FederalHighwayAdministration,
EnvironmentalProtectionAgency,andFishandWildlife Service. TheMOU establishedageneral
frameworkfor cooperationandparticipationamongthesignatoryagenciesin theexerciseoftheir
responsibilitiesunderthe Act. ThegoalsoftheMOU areto (1) conservespeciesfederallylisted
undertheAct, (2) useexistingFederalauthoritiesandprogramsto furtherthepurposesofthe
Act, and(3) improveefficiencyand effectivenessofthe interagencyconsultationsconducted
pursuantto section7(a)(2)oftheAct.
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In additionto theaboveMOU, individualFederalagenciesdeveloptheirown policiesfor listed
species.For example,rulesfor protectionoflisted speciesin NationalParksarein theNational
ParkService’sManagementPolicies(USNPS1988)andin its NaturalResourceManagement
Guidelines(IJSNPS1991). TheNationalParkServicemustabideby theAct andtheNational
EnvironmentalProtectionAct in managingthelandsandwatersit is responsiblefor.

Quadrulafragosais presentlylisted asendangeredby theStatesofMinnesotaandWisconsinand
Minnesota’sandWisconsin’sDepartmentsofNaturalResourcespresentlycontributeto the
conservationofthespecies.MinnesotaandWisconsinendangeredspecieslawsprohibitstakeor
saleofprotectedspecieswithout Statepermit exceptunderspecifiedexemptions(Stateof
Minnesota1996, StateofWisconsin1989).

In additionto legal protections,theServicehasfor severalyearscontributedendangeredspecies
fundingto stateagenciesandothersfor conservationmeasures,suchassurveys,monitoring, and
relatedstudiesfor theconservationof Q.fragosa.

Examplesofsomeoftheconservationactionstakento date:

1) Wisconsinlisted Q.fragosaasastateendangeredspeciesin 1989(StateofWisconsin1989)
andMinnesotalisted Q.fragosaasastateendangeredspeciesin 1996(StateofMinnesota1996).

2) Although not intendedasawingedmapleleafmusselconservationorrecoverymeasure,
establishmentoftheSt. Croix NationalScenicRiverwayin 1968hascontributedto the
conservationofthespecies.

3) TheNationalParkServicehaspostedsignsatInterstateParkprohibiting thehandlingof
mussels(U.S. CodeofFederalRegulations,Title 36 CFR2.1(C)(1)).

4) TheWisconsinDepartmentofNaturalResourcesprohibitedcommercialclammingon theSt.
Croix Riverin 1986 (StateofWisconsin1986)andMinnesotaDepartmentofNaturalResources
hasrestrictedcommercialclammingto theMississippiRiver.

5) An importantconservationmeasureaddressinginstreamflow beganbeforeQ.fragosawas
listed andcontinuedfollowing listing. NorthernStatesPowerCompany-Wisconsinandthe
MinnesotaandWisconsinDepartmentsofNaturalResourcesengagedin dialogue,study,and
actiondescribedin somedetailbelow.

Streamflow in therelevantstretchofthe St. Croix River is influenced,in part,by a hydroelectric
damat St. Croix Falls, Wisconsin,operatedby NorthernStatesPowerCompany-Wisconsin.The
damandhydroplantwascompletedin 1906(Smith 1980). NorthernStatesPoweris obligated
underits licenseto releaseatleast45.3 m3 s’ (1,600cfs) from April 1 throughOctober31, which
correspondsto the 80 percentexcedenceflow for August(Hurley 1931). Flowsbelow45.3 m3 s
1 normallyoccuronly during droughtconditions. Historically, thedamhad(andcurrentlyhas)no
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requiredwinterminimumflow release.Until 1988,winter operationwasto curtaildischargeat
night, exceptfor leakage,storingwaterfor generationthefollowing day.

In 1988,beforeQ.fragosawaslistedundertheAct, severalyearsofsub-normalprecipitation
causedsub-normalgroundwatercontributionto winter flows oftheSt. Croix River. As aresult,
thehydrodam’s normalminimal winter nightflow releaseswerenot supplantedby sufficient
groundwaterinflow to maintainsubmergedhabitatfor musselsthroughoutthenight. In 1988,
MinnesotaandWisconsinDepartmentsofNaturalResourcesrequestedNorthernStatesPowerto
releaseaminimumflow ofat least22.6 m3 5’ (800cfs) andNorthernStatesPowervoluntarily
agreedto maintainorexceedthatflow at all timesduring winter months(A. G. Schuster,
NorthernStatesPowerCompany-Wisconsin,in lilt. 1990)for conservationoftheextraordinary
musselresourcedownstreamofthedam,includingQ.fragosa. This releaseresultsin about25.5
in3 51 (900cfs) below thedamafterleakageis incorporated.

Beforeagreeingto increasethedamesminimumdischargebeyondthe 22.6 in3 s’ (800 cfs)level,
NorthernStatesPowerrequestedanswersto two questions:(1)whatproportionofthe mussel
bedsare exposedat adischargeof 22.6 in3 s4 (800cfs)? (2)whereareendangeredmussels,
including Q.fragosa,locatedwithin thebeds?To determinetheminimumflow neededfor all Q.
fragosamusselbedsto receivesufficient water,MinnesotaDepartmentofNaturalResources
conductedtwo studies.

First, MinnesotaDepartmentofNaturalconducteda single-transectwetted-perimeterstudy in
1990 in the eastchannelatFolsoinIsland(MIDINR 1990). The“wetted perimeter”wasdefinedas
theareaofstreamcoveredby at least0.3 in ofwaterand“critical breakpoints” definedas
significant changesin theslopeof aplot ofwettedperimetervs. discharge.This studyindicateda
well definedcritical breakpointat 56.1 m3 s’ (1,980cfs) oftotal discharge(damoutput,
groundwater,damleakage,bankstorage)anda lesswell definedcritical breakpoint at 38.3 m3 s’
(1,350cfs). Thesecritical breakpointsareindicativeof increasingslope(loss)ofwettedarea
with smalldecreasesin discharge.Total dischargeof22.6 in3 s’ (800cfs) resultedin a29 percent
reductionofthewettedperimeter(assumedhabitat)comparedto 56.1 in3 s4(1,980cfs) (MDNR
1990). Additionally, at 22.6 in3 s’ (800cfs)the averagedepthofthewaterin theriffle wasonly
0.12 in (0.37fi) andhadlow velocity, which “increasethepossibility of iceformationandlarger
habitatlosses”(MDNR 1990).

Second,beginningin 1992,MinnesotaDepartmentofNaturalResourcesconductedan instream
flow incrementalmethodology(IFIM) study to model therelationshipbetweendischargeby the
NorthernStatesPowerdamat St. Croix Falls andhabitatsuitabilityandavailability in two areas,
thethreechannelsareaatFolsomIslandandtheone channelareaat Franconia.Thestudy
addresssuitability for Q.fragosa,othermussels,otheraquaticmacroinvertebrates,andfish
(Johnson1995,Appendix2). Johnsonusedtwo flow regimes,45.2 m3 ~4 (1,600cfs)and90.4 in3

~1(3 200 cfs), atthetwo areasto calibratehis model. Waterdepth,watervelocity, andsubstrate
typeweremeasuredalongtransectsin eachchannelandmusselsuitability criteriawere developed
from Hornbach’s(1992,in Appendix2) studyofmusselcommunitiesat InterstatePark.
Hornbach(1992)studiedonly 11 Q. fragosa,but observedtheyoccurredin areasofbothhigh
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musseldensityand speciesrichness.Therefore,Johnson(1995,Appendix2) usedthese
communityparametersasproxiesfor suitableQ. fragosahabitat. Furthermusselhabitatdatawas
laterprovidedby Hornbach(Appendix3, 4, and 5) which substantivelysupportedhis 1992
findings.

Johnson(1995)foundtheamountofsuitablehabitatfor Q. fragosa wassensitiveto dam
dischargelevel in all four channelsstudied,with the“critical” eastchannelofFolsomIslandthe
mostsensitiveto damdischargelevels. Significantdewateringoccursin theeastchannelat flows
of22.6 m3 s4(800cfs) andmusselsarenot foundin areaswhich areperiodicallydewatered,even
if thehabitatis otherwisesuitablewhentheareais inundated. Johnson(1995)foundthemajority
ofsuchlow flows areassociatedwith dam“peaking” operations,not becauseofnatural
hydrologicconditions. The study foundthatat flows of 56.5 m3 s’ (2,000cfs) to 113 m3 ~1

(4,000cfs), all fourchannelsprovidegoodhabitatfor mussels,othermacroinvertebrates,andfish.
Peakingoperationsby thedam,however,frequentlycausedflows to fall below 56.5 m3 s4(2 000
cfs) orto exceed113 m3 s’ (4,000cfs). Basedon thesefindings,Johnson(1995)recommendeda
“run-of-river” flow regimeto (1) minimizethe occurrenceoflow flows, (2)minimize the
amplitudeofdaily fluctuationin flow rate,and(3) to maximizethedurationofflows at near-
optimal levelsfor musselhabitat.

NorthernStatesPowercontractedwith HansonandLeonard(1995,in Appendix 7) to critically
reviewJohnson’s(1995)study. HansonandLeonard(1995) citedseveralshortcomingsJohnson’s
report: (1) studysiteselectionandrepresentativeness,(2) themodel’suseofhabitatsuitability
criteria, (3)calibrationofthemodel, and(4) apparentlackofconsiderationofpeakingflow
regimesotherthanthe22.6 m3 51 (800cfs) minimumflow regimeandtherun-of-riverflow
regime. Johnson(1996,in Appendix8) addressedthesecriticismswithout alteringhis conclusion
that run-of-riverflow releaseswould providethe mostsuitablehabitatfor Q.fragosaand other
aquaticlife.

Basedonthe IFIM results,themajorityoftheWingedMapleleafMusselRecoveryTeambelieved
run-of-riverwould bethebestflow regimefor theconservationofQ.fragosaandtheentire
musselcommunitydownstreamofthedam. EventhoughtheIFIM predictsincreasedmussel
habitatwith run-of-river, aminority oftheteamwereconcernedthat suchadramaticchangefrom
thepresentflow regimecouldhaveunforeseendetrimentaleffectson themusselcommunity. This
groupbelievedanincrementalapproachto changingthecurrentdischarge.regimeshouldbe
taken,andthat 45.3 in3 s~ (1,600cfs) would be an appropriateincrementalsteptowardthe
conservationofQ.fragosa. No matterwhat changesin dischargeareimplemented,thewhole
teambelievesthat any changein flow regimeshouldbe combinedwith monitoringofthe
abundanceanddiversity ofthemusselcommunityto provideabasisfor adaptivemanagement.

Strategy for Recovery: Thehighestpriority for recoveryofQ.fragosais preservationofthe
soleknownpopulation,locatedin theSt. Croix River. Completionofthis priority requires
determinationandimplementationofpermanentsuitablewaterflow, determinationand
preservationof otherphysicalhabitatrequirements,managementandmitigation ofhuman

17



disturbance,reductionofthethreatofzebramusselinvasion,descriptionofreproductivebiology,

andmanagementoftoxic substances.

Otheritemsfor speciesrecoveryincludetasksto:

- ObtaininformationneededregardingQ.fragosabiology andits relationshipto habitat
andenvironment.

- Increasethe populationofQ. fragosain theSt. CroixRiver.

- ReestablishQ.fragosain suitableportionsofits historicrange.

- Confirmthefuturesuitability and securityofthespeciesfor reclassificationto
“threatened”andthenfor delisting.
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Recovery

RecoveryPlan Objective and Rationale: The ultimate objectiveofthis recoveryplan is to
protectthewingedmapleleafmusselfrom extinction. Delisting mayoccuronly whenthebest
scientificjudgementconcludesthespeciesis not at risk ofextinction in theforeseeablefuture,as
definedbelow. Duringrecovery,thespecieswill be reclassifiedto threatenedpreliminaryto its
beingproposedfor delisting. Thefollowing reclassificationandrecoverycriteriamust,of
necessity,be preliminaryandsubjectto revisionbasedon newinformation,includinginformation
resultingfrom performanceoftherecoverytasksofthis plan.

Specificreclassification criteria are:

a) Three discretepopulations in at least two tributaries oftheMississippi River drainage
basin. Forthepurposesofthis plan,two bedsofmusselsmaybeconsidereddiscrete
populationsif theyaresufficiently geographicallyisolatedfrom eachothersobothare
unlikely to beaffectedby a singlestochasticevent,suchasatoxic spill ora disease
outbreak.

b) All three populations must be viable asdefinedin thenarrativeoutlineofthisdocument
underTaskSA.

c) All threepopulationsmust havedemonstratedpersistenceasdefinedin the narrative
outlineofthis documentunderTaskSB.

d) All threepopulationsmusthavelong-termhabitatprotectionasdefinedin thenarrative
outline ofthis documentunderTaskSC.

Specificdelisting criteria are:

a) Five discretepopulationsin at leastthreetributariesoftheMississippiRiver drainage
basinunlessTask2D4 indicatesmorepopulationsortributariesarerequired. For
purposesofthis plan, two bedsof musselsmaybeconsidereddiscretepopulationsif they
are sufficientlygeographicallyisolatedfrom eachotherthatbothareunlikely to be
affectedby a singlestochasticevent,suchasatoxic spill ora diseaseoutbreak.

b) All five populationsareviable asdefinedin thenarrativeoutlineofthis documentunder
Task 5A.

c) All five populationsmusthavedemonstratedpersistenceasdefinedin thenarrativeoutline
ofthis documentunder Task SB.

d) All five populations must have long-term habitat protection as defined in the narrative
outline ofthis documentunderTaskSC.
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Narrative Outline:

TheImplementationSchedule,which follows theReferencessectionofthis recoveryplan,
containscostestimatesfor thevarioussub-taskspresentedin thisNarrativeOutline. Thosecost
estimatesareofnecessityuncertainbecausethe costsofequipmentandtechnologychange
unpredictablyandbecausethescopeofthesub-tasksmustbeestimated.Thescopeof somesub-
taskswill dependon theresearchresultsofsub-tasksthat mustbeperformedfirst.

Thecostspresentedarethe estimatesoftheRecoveryTeambasedon theirexperiencewith the
costsofmusselwork or otherrelevantactivity; theyarenot basedon detailedbudgetsprepared
for individual sub-tasks.Actual costsof individualsub-tasksmaybehigheror lowerthanthe cost
indicatedin theImplementationSchedule.

SomeTask1 andTask2 sub-taskshavedoubleasterisksin thisNarrativeOutline. Double
asterisksdenotepriority 1 sub-tasks-- actionsthatmustbetakento preventextinctionorto
preventthespeciesfrom decliningirreversiblyin theforeseeablefuture. Task 1 is maintenanceof
theSt. Croix RiverpopulationofQ.fragosa,the only knownpopulationofthe species.The
Teamconsidersit axiomaticthat preservationofthis populationis essentialto preservationofthe
species.

Task2 is improvedunderstandingofthebiology andecologyofQ.fragosa. Specific identified
knowledgegapspreventeffectiveprotectionandrecoveryactions. To giveoneexample,
preservationofamusselspeciesrequirespreservationofits glochidial hostwherethemussel
occurs,andthe hostmustoccurin anypotentialrelocationarea,ormustbemovedwith the
mussel. It is possiblethe long-livedQ. fragosais going extinctin its St. Croix River bedbecause
it cannotreproducebecauseits host is no longerthere. To saveQ.fragosa,it maybenecessary
to restorethehostto theSt. Croix River. To do that, thehostmust be discovered.

TheTeambelievesthedoubleasteriskedsub-tasksofTasks1 and 2 arevital to accomplishing
Tasks1 and2 andthat Tasks1 and2 must be accomplishedto preservethespecies.

Ia~iLL Preservethe St. Croix population ofQ.fragosa: All knownlocationsofQ.fragosa
lie in theSt. CroixNationalScenicRiverway,administeredby theNationalParkService. The
NationalParkServiceis thereforeresponsiblefor developingand coordinatingall aspectsofTask
1.

Task lA, Population status:

**Task lAl, Community population monitoring: Setup permanentmonitoring plots to

monitortheabundanceandagestructureof membersoftheunionid communitywithin theknown
geographicrangeofQ.fragosa.

Task iB, Stream flow: The following are recommendedto addressthecentralissueofassuring
adequatestreamflow for Q.fragosain theSt. Croix:
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**Task iBi, Flow gauge: Establishand maintain a flow gaugeat FolsomIsland through the

completionoftheinstreamflow study.

**Task 1B2, Instreamflow study: Conduct an instreamflow studyto determinethe

relationshipbetweendischargeratesatthe damandwaterlevelsat critical spotsdownstreamof
thedam. Thestudyreportshouldincludea discussionofhabitatavailability at eachofthestudied
flow rates.

Task 1B3,Hourly flow records: Analyze and describetheUSGShourly flow records (mean,
maximum,andminimum) forthepast20 yearsto describetheflow regimethemusselswere
exposedto in thepast. Thereport shouldincludediscussionofany significantcorrelations
betweenstreamflow and reproduction.

**Task 1B4,NSP: Negotiatewith Northern StatesPowerto implement a flow regime indicated
by theabovestudiesto protectQ. fragosahabitat.

Task iC, Toxic spills: The following information should be gatheredto assessthethreatoftoxic
materialto Q.fragosa:

Task iCi, Federal/State/LocalEmergencyResponsePlans: Prepare a review report on
USEPA;MPCA; WDNIR WisconsinDepartmentofAgriculture(WDA); WisconsinDepartment
ofMilitary Affairs, Division ofEmergencyGovernment:andLocalEmergencyPlanning
Committee(LEPC)responseplansfor theSt. Croix River. Thereportshouldaddressadequacy
oftheplans(on sitematerials,timeto implement)to dealeffectivelywith potentialspills identified
in Tasks1C2and 1C3.

Task 1C2,Harmful material transport: Produce a report that inventoriesandquantifiesthe
natureofharmfUl materialtransporton oracrosstheriverupstreamfrom Stillwaterby watercraft,
pipeline, truck,andrail. This report shouldbeusedin developingFederal,state,andlocal
EmergencyResponsePlans.

**T~k 1C3,Harmful material storage: Produce a report that inventories and quantifies the
locationandnatureofharmful materialstoragein theSt. Croix watershedupstreamof Stillwater,
Minnesota.Thereportshouldbeusedin developingorrevisingFederal,state,andlocal
EmergencyResponsePlans.

Task 1C4,Emergencyresponseplanning: Developa St. Croix River EmergencyResponse
Plan,if oneis not currentlyin placethroughTask 1 Cl. This planshouldexplicitly addressall
harmfUl materialthreatsidentifiedin Tasks1 C2 and 1 C3. This planshouldalsoincludea
protocolfor stateandFederalnaturalresourceagencies(MDNR, MPCA, USNPS,WDNR,
WDA, andUSFWS)to coordinatewith emergencyresponseagenciesto protectQ.fragosain the
eventofa spill. Thisplanningeffort shouldbe incorporatedintoFederal,state,and local
EmergencyResponsePlans.
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Task 1C5,NSP: Arrange with Northern StatesPowerto manageits St. Croix Falls dam’s flow
releasein theeventofaspill abovethe dam. Coordinatethis Taskwith 1C4.

Task 1C6, Hazardous wastefacilities: Requestthat anEnvironmentalImpactStatement(EIS)
be requiredfor any proposedhazardouswastefacility, suchastheproposedhazardouswaste
disposalfacility at Osceola,andthatanyEIS preparedmust specificallyaddressthepotential
impacton Q.fragosa.

Task iD, Exoticmussels:Thefollowing actionsarerecommendedto addresstheissueofzebra
mussels(D. polymorpha):

**Task iDi, Monitoring: Continue annualmonitoringfor zebraandquaggamussels,initiated

in summer1992, in theSt. CroixRiver.

**Task 1D2, Zebra musselloads: As part ofmusselcommunity monitoring (Task lAl),

monitorzebramusselloadson musselswithin theknown Q.fragosarange.

* *Task 1D3, Assessimpact: Prepare a report assessingthe likely effects ofzebra musselson Q.
fragosa.

**Task 1D4, Emergencyresponseplan: Developandimplementa zebramusselemergency

responseplan in cooperationwith theDepartmentoftheInterior (USNPSandUSFWS).

**Task 1D5, Protective legislation: Developstateand Federal legislation to preventorretard

thespreadofexotic speciesin theSt. Croix River.

Task lE, Habitat degradation: The following actions are recommendedto addressthe issueof
habitatdegradation:

Task tEl, Federalagencies: Establishformal agreementsbetweentheService,NationalPark
Service,andUSACOEto theeffect thatNationalParkServiceandUSACOEnotify theService
in theeventofanydevelopmentormaintenancework that coulddisturborendangertheQ.
fragosapopulationor its habitat.

Task 1E2, Stateagencies: Establish formal agreementswith Minnesota and Wisconsin
DepartmentsofTransportationandDepartmentsofNaturalResourcesto theeffectthat theywill
notify theServiceprior to theirdevelopmentor maintenancework that coulddisturb orendanger
the Q.fragosapopulationor its habitat.

Task1E3,Countyzoning: Reviewcountyzoning rulesfor St. Croix andPolk Counties,
Wisconsin,andWashingtonandChisagoCounties,Minnesota. Thereportshouldincludea
descriptionofhowzoning rulesarelikely to adverselyimpactor protectwaterquality in the
drainagebasin.
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**Task 1E4,Critical habitat: Prepare a proposedrule to designateappropriate areasin the St.

Croix River, suchastheeastchannelofFolsomIsland, ascritical habitatundertheAct.

Task1E5,Naturalheritagedatabases:CompleteentryofQ. fragosadistributionaldatainto
MinnesotaandWisconsinNaturalHeritagedatabases;makethedataavailableto USFWS,
USNPS,USACQE,MDOT, MPCA, WDOT, and local countyzoningboards.

TaskiF, HumandisturbanceanddestructionofQ. fragosa: The following actionsare
recommendedto addressthe issueofhumandisturbanceof Q.fragosa:

**Task iFi, Human disturbance:Quanti~,’ themagnitudeofthesepotentialthreats

(harvesting,swimming/wading’digging,small recreationalwatercraft,and commercial
paddlewheelwatercraft)andidentify specificgeographiclocationsofgreatestconcern.

**Task 1F2,Educationalsigns: Produceeducationalsignsto inform thepublic ofthepresence

ofQ.fragosa,lawsand penaltiesassociatedwith disturbingindividualsofthe species,and
behaviorsto avoidwhile in critical areas. Thesesignsshouldbepostedat marinas,campgrounds,
boatrampsandlandings,andnearcritical musselbeds,suchasat FolsomandBlast Islands.

**Task 1F3,Publiceducation:Contactand encourageeducationalinstitutionsto conduct

educationalprogramson Q.fragosa. TheseinstitutionsshouldincludetheNationalParkService,
stateparks(St. Croix, Wild River, Interstate,William O’Brien, Afton, andKinnickinnic), the
ScienceMuseumofMinnesota,CarpenterandWilder NatureCenters,andlocal conservation
groups.

**Task 1F4, Paddlewheel boats: Requestownersofthe commercial paddlewheel boat to
reiewtheiroperatingprocedureswith the intent ofminimizing theirboatoperation’simpacton
themusselpopulation.

TaskiG, Water quality: Thefollowing actionsarerecommendedto addressthe issueofwater
quality:

TaskiGi, Waterquality classification: Reviewtheclassificationstatusfor waterquality in the
St. Croix River for bothMinnesotaandWisconsinandrecommendchangesin classification,as
appropriateto protect0.fragosa.

Task1G2,Ammonia: Monitor theriver for ammoniato betterdeterminesourcesand
concentrationlevel trends. Thereportshouldaddressbothchronicand acuteammoniapollution.

Task1G3,Pointdischargeimpacts: Performdetailedwaterchemistryanalysisfrom aboveand
belowpoint dischargefacilities and assessthe effectsofmeasurabledischargeson Q. fragosa.

Task 1G4,Point dischargepermits: Reviewpoint sourcedischargedataon file atMinnesota
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PollutionControlAgencyandWisconsinDepartmentofNaturalResources.Cooperatewith
agenciesto assurepermitseffectivelyprotectQ. fragosaandthatdischargesarewithin the
permittedlimits.

Task1G5,Toxins: Quantitativelysamplemusselsfound in associationwith Q.fragosato
determinetheextentofcontaminationwith bioaccumulative,persistenttoxins.

Task1G6,Metal contamination:ReviewTroelstrup’sdatato determinehistory ofmetal
contaminationin theriver.

Task1G7,Waterquality monitoring: Determinecritical waterqualityparametersto monitor,
andmonitorthemto detectchangesin waterquality, includingtoxins andmetalsidentified in
TasksiGS and 1(36.

Task1G8,Literaturereview: Preparean up-to-dateliteraturereviewon contaminanteffectson
unionid mussels.

Task 1H, Watershed: Significant changesin land useare anticipatedin the St. Croix River
watershed.Thesechangesareanticipatedbecauseofarapid increasein thehumanpopulationof
thewatershedandbecauseofchangesin agricultural,mining, andforestrypractices.The
following actionsarerecommendedto addressthesechanges:

Task LHi, Non-point pollution: Prepare a report which assessesthe likely impactof non-point
sourcepollution. Thereportshouldincludean inventoryof likely contaminantsandtheir
concentrations.

Task1H2,Forestry: ReviewstateandFederalforestplansfor forestedareaswithin the
watershedandprepareareportwhich assessesthelikely impactoftheseplansonwaterquality in
theSt. Croix River.

Task1H3,Mining: Inventoryall gravelandsandminesin thewatershedandassesstheirlikely
impact onwaterquality in the St. Croix River.

Task 1H4, Agriculture: Prepare a report assessingthe dominant agriculturalpracticesin the
watershedandtheirlikely impactonwaterquality in the St. Croix River.

Task 1H5, Residentialand commercial development: Prepare a report assessingresidential
and commercialdevelopmentsin thewatershedandtheirlikely impacton waterquality in theSt.
Croix River.

Task1H6,Watershedremediation:Work with stateandFederalagenciesandnon-
governmentalorganizationsto effectivelymitigateQ.fragosarelatedproblemsidentifiedin Tasks
iHi to 1H5.

24



Task 11, Disturbance by non-humananimals: Thefollowing actionsarerecommendedto
addresstheissueofdisturbanceby non-humananimals:

Task111,Non-human predators:Producea reportonmuskrat,raccoon,andotherpredator
(includingavianpredators)populationsizesalongthe St. Croix RiverbetweenSt. Croix Falls and
Osceola,Wisconsin.

Task 112,Predation impact: Determinetheimportanceofpredationin controllingtheSt. Croix
RiverpopulationofQ.fragosa.

Task 113, Predator control: Implementpredatorcontrolmeasuresaswarranted.

Task 114, Parasitesand disease:Determinetheimportanceofparasitesanddiseasein
controllingtheSt. Croix Riverpopulationof Q.fragosa.

Task 1J) Cryopreservation:TheSt. Croix River populationofQ. fragosashouldbeconsidered
atvery high risk of extinctionbecauseofits small sizeandrestricteddistribution. Forthis reason,
modemtechnologicalmethodsofspeciespreservationshouldbeevaluatedand appliedas
appropnate.

Task iJi, Cryopreservation:Evaluateandproduceareporton the efficacyofcryopreservation
to preserveQ.fragosa.

Task 2: Improve understandingof Q. fragosabiology andecology. The following sub-tasks
areto provideinformationcritical to devisingactionsto preserveQ.fragosa. Manyofthesub-
tasksmustbecompletedfor successfulcompletionofsub-tasksdescribedin Tasks1, 3, 4, and5.

Task 2A, Systematics:Furtherwork is neededto determinetaxonomicrelationshipswithin the
Q. quadrulacomplexandto determinetheappropriatenessofspeciesdesignationfor Q.fragosa.

Task 2A1, Molecular systematics: Conduct molecular studieson existing Q.fragosamaterial.
This studyshouldincludethepopulationofQuadrulafoundin theKiamichiRiver, Oklahoma,
and all membersofthe Q. quadrulacomplex.

Task2A2, Conchology: CompareshellmorphologyoftheKiamichi Riverand St. Croix River
populationsandall membersoftheQ. quadrulacomplex.

Task2A3, Soft body morphology: Describethesoft-bodymorphologyofQ.fragosaand all
membersofthe Q. quadrulacomplex.

**Task 2A4, Glochidia: Describetheglochidiaofall membersoftheQ. quadrulacomplex.
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Task2B, Habitat requirements:Furtherwork is requiredto identify specifichabitatfeatures
usablefor habitatsuitability determinationsfor Q.fragosa. It is not knownwhy Q.fragosa
occurswhereit doesgenerallynorwhat limits its distributionwithin theSt. CroixRiver itself.

**Task 2B1, St. Croix habitat: Produceareporton an extensivecomparisonofthereachQ.
fragosainhabitswith upstreamanddownstreamreacheswhereit is not foundto identify
significanthabitatlimiting parameters.ReviewWisconsinDepartmentofNaturalResources
distributionaland habitatdatain conjunctionwith this task.

Task2B2,Historical distribution: Reviewtherivers comprisingthehistoricaldistributionofQ.
fragosato assessthehistoricalwaterquality parametersandotheravailablehistoricaltrenddata.
Parametersto be includedare:oxygen,temperature,chlorine,phosphorus,ammonia,calcium,
alkalinity, total organiccarbon,metals,pesticides(includingherbicides),suspendedsolids, stream
flow, pH, sodium,andpotassium.

**Task 2B3, Microhabitat: Becauseonly 26 individual Q.fragosahavebeenstudied,continue

intensivemicrohabitatstudyto betteridentify habitatneeds(substrate,depth,flow rate,etc.)of Q.

fragosa.

Task2B4, Scour: Evaluateand produceareporton unionidsusceptibilityto ice scourand
exposurein winterandflood scourin spring. Evaluateiceimpactsduring naturallylow flowand
run-of-rivervs. hydropeakingflow conditions.

Task21B5, Sedimentdeposition: Evaluateandproduceareporton sedimentdepositionpatterns
andunionidsusceptibilityto sedimentdeposition.

**Task 2B6, Dewatering: Determinetheeffectsofdewateringandof low andhigh

temperatureson unionids. Thereportshouldincludea discussionofhowtheseparameterseffect
survivorshipandreproduction.

Task 2C, Reproductive biology: An improved knowledgeofthe reproductive biology ofthis
speciesis requiredto makesoundmanagementdecisions.

**Task 2C1,Reproductivephenology: Determinethephenologyofreproduction.

**Task 2C2,Glochidial host: Identify theglochidial host(s).

**Task 2C3,Glochidial host distribution: Determinethedistribution and abundanceof

glochidial host(s)population(s)in theSt. Croix River.

**Task 2C4,Reproductive parameters: Determine otherfactorsthat influencereproductive

success(fecundity, sexratio, density, spacingofadults, or external environmental factors).
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Task 2D,Population biology: An improvedknowledgeofthepopulationbiologyofthis species
is requiredto makesoundmanagementdecisions.

Task2D1, PVA andMVP: ConductaPopulationViability Analysis (PVA) to determinethe
Minimum ViablePopulation(MVP) for adiscretepopulationofQ.fragosa.

Task2D2,Demographicpatterns:Determinenormalgrowthratesandagestructurefrom
museumspecimensanddatafrom theSt. Croix River.

Task 2D3, Historic distribution: Studymuseumspecimensto betterestablishhistoricrangeand
numberof pre-settlementpopulations.

Task2D4, Numberof populations:Estimatethenumberofdiscretepopulationsneededto
maintainthespeciesandtheoptimalgeographicdistributionfor thosepopulations.

Task2E, Populationsurvey:

**Task 2E1,St. Croix River: Completea surveyoftheSt. Croix River andits tributariesto

improveourknowledgeofthe extentofthe populationandto improveestimatesofpopulation
size. A surveyis neededfrom thedamat St. Croix Falls downstreamto Marineon St. Croix and
upstreamfrom thedamto the confluenceofSt. Croix andNamekagonRivers. ReviewWisconsin
DepartmentofNaturalResourcessurveysreportson substrateandmusseldistribution.

Task2E2,Historic distribution: Finish the field surveyof rivers havinghistoric distributionof
Q. fragosa. Highestpriority shouldbegiven to stretchesjustbelow damsin: 1) TheKiamichi
River, Oklahoma; 2) DuckRiver, Tennessee,whichhasarecentrecordof a “strangelooking Q.
quadrula,which might havebeenQ.fragosa” (S. Ahlstedt,TennesseeValley Authority, Aquatic
BiologyLaboratory,Norris, Tennessee,in lift. 1991);3) Riversthoughtto havehistorically had
largepopulationsofQ.fragosa(IowaandRaccoonRivers,Iowa); and4) Rivers havingrelatively
undisturbedwatershedsorwaterquality characteristicssimilar to theSt. Croix River.

Task 3: Increasethe St. Croix population of Q. fragosa.

Translocationofmusselsis problematicandhasresultedin highmortality ratesduring
transportationorshortly aftertransportationandthereis a dearthofknowledgeaboutthelong-
termviability oftranslocatedunionids. Additionally, ex-situculturetechniquesarepoorly
developedandfew specieshavebeensuccessfullycultured. Thepopulationin theSt. Croix River
is sosmall that it is too risky to attempteithertranslocationor aquacultureofthis speciesuntil
eithermethodologiesimproveorthepopulationin the St. Croix increasessignificantly.
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Task3A, IncreaseSt. Croix population:

Task3A1, Feasibility study: Perform afeasibility studyto determinetherelativemeritsand
likely successofattemptsto increasethepopulationsizeofQ. fragosain the St. Croix Rivervisd
vis attemptsto translocateindividuals to initiate newpopulations.This feasibility studyshould
utilize the resultsoftasksoutlinedin Tasks2, 4A, and4B.

Task3A2, Planto increaseSt. Croix population: If, uponcompletionofTask3A1, it is
deemedfeasibleto increasetheSt. Croix River population,thena planto do soshouldbe
developedandimplemented.

Task 4: ReestablishQ.fragosa populations in historical range.

Small, localizedpopulationsarevery susceptibleto environmentalstochasticity(Gilpin and Souls
1986). Thelong-termviability of Q. fragosadependson establishingmorethanonediscrete
population. Thereareno datawhich suggestsaparticularnumberofpopulationsconferslong-
termprotectionfrom negative,stochasticenvironmentalandgeneticevents.Theoretical
considerations(Simberloff1988),however,suggestametapopulationcomprisedof severalsub-
populationsconfersmorelong-termstability on a speciesthanfully isolatedpopulations.

Task 4A, Translocation:

Task 4A1, Translocation protocol: Evaluate translocation techniquesand establisha
translocationprotocol.

Task4A2, Suitablehabitat: Identify rivers within thehistoricaldistributionof 0.fragosawhich
havesuitablephysical,chemical,andbiological habitatfor reintroductionofQ.fragosa. Give
priority to thefollowing factorswhenselectingtranslocationsites:

a) Riverscloseto the St. Croix soenvironmentalandclimaticfactorswill be similar to thoseto
which theSt. Croix River populationis adaptedand sonewpopulationsmight functionasa
metapopulation.
b) Rivershavingsufficient long-termprotection(suchasmusselsanctuaries,stateorNational

parks)sotheywill qualifyundertheguidelinesfor populationhabitatprotectionin TaskSC.

c) Riversat low risk from colonizationby Dreissenaspp.

Task4B, Musselcultureandpropagation:

Task4B1, in situvs. exsitu: Evaluatein situ vs. exsitu approachesto recoveryanddevelop
methodsconsistentwith thefindings.
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Task4B2, Musselcultivation: Generallyimprovethe knowledgeofmusselcultivation.

Task5: Determinationof reclassificationand delisting. Task2D4 will establishthe
appropriatenumberand distributionofpopulationsofQ.fragosa.

Task5A, Determinationof populationviability: A populationmaybecountedtoward
reclassificationor delistingonly afterthefollowing tasksareperformedto demonstrateits
viability:

TaskSAl, Recruitment: Conductsurveysuntil datademonstraterecruitmentto thepopulation
in 8 ofthe 11 ageclassesaged2 to 12 years.

Task5A2, Populationsize: Conductsurveysuntil datademonstratethepopulationlikely
exceedstheMVP determinationmadein Task2D1.

Task 5A3, Agestructure: Conduct surveysuntil data demonstratethe population has an age
structureconsistentwith theMYP determinationmadein Task2D1.

Task 5A4, Genetic structure: Conduct surveysuntil datademonstratethepopulationhasa
geneticstructureconsistentwith theMYP determinationmadein Task2D 1.

TaskSB, Determinationofpopulationpersistence:A populationmaybecountedtoward
reclassificationor delistingonly afterthefollowing tasksareperformedto demonstrateits
persistence:

Task5B1, Longevity: Thepopulationmusthavebeenextantfor 24 yearsfollowing colonization
or establishment.

Task5B2,Populationsurveys: Threeconsecutivesurveystakenat approximately5-year
intervalsmustdemonstratepopulationlevelsto exceedtheMYP determinationmadein Task
2D1.

TaskSC,Determinationof habitatprotection: A populationmaybecountedtoward
reclassificationor delistingonly afterthefollowing tasksareperformedtodemonstrateits habitat
is protected:
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Task 5C1,Watershed managementplan: A watershedmanagementplanmustbedraftedand
approvedby the Servicewhichdemonstratesall potentialthreatsto thepopulationhavebeen
identifiedandeithereliminated,mitigated,orotherwiseprovidedfor. Thefactorsto be included
in this planshouldbe similar to thoseoutlinedin this documentfor protectionofthe St. Croix
Populationin Task 1 andmustinclude:

a)Physicalhabitat.

b) Chemicalhabitat.

c) Biological habitat.

d) Protectionfrom commercialharvest.

e)Protectionfrom toxic spills.
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Implementation Schedule

Thefollowing ImplementationScheduleoutlinesactionsand estimatedcostsfor therecovery
program. It is a guidefor meetingtheobjectivediscussedin theRecoverysectionofthisplan,
andindicatestaskpriorities, tasknumbers,taskdescriptions,durationoftasks, responsible
agencies,andestimatedcosts. Theseactions,whenaccomplished,shouldbring aboutthe
recoveryofthe (species/groupof species)andprotect(its/their)habitat. As theestimated
monetaryneedsfor all partiesinvolved in recoveryareidentified,thisschedulereflectsthetotal
estimatedfinancial requirementsfor the recoveryofthis (species/groupof species).

Definitions of terms used in theRecoveryPlan

:

Priority 1:

Priority2:

Priority3:

An actionthat mustbe takento preventextinctionorto preventthespeciesfrom
decliningirreversiblyin theforeseeablefuture.

An actionthatmustbe takento preventa significantdeclinein species
population/habitatquality, or someothersignificantnegativeimpactshortof
extinction.

All otheractionsnecessaryto meettherecoveryobjectives.

Implementation ScheduleAbbreviations

:

ES = USFWS,EndangeredSpeciesProg.
NBS= NationalBiological Service
NPS= NationalParkService
NSP= NorthernStatesPowerCo.
MIDNIR = MinnesotaDept.ofNaturalResources
MPCA = MinnesotaPollution ControlAgency
TBD = To bedetermined
USFWS=U.S. FishandWildlife Service
USGS= U.S. GeologicalService
WDNR = WisconsinDept. ofNaturalResources
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ImplementationSchedulefor WingedMapleleaf(Quadrulaftagosa)RecoveryPlan
(Priority 1 Tasks)

Responsible Patty

Task
Task Priority

Task
Descrintion

Years
Duration

USF’WS
Reg. Pros. Other

IAI I Community population
monitoring

1131 1 Install flow gauge
I B2 I Instreani flow study
1134 1 NSPflow regime
1C3 I Document harmful material

storage
Monitor for zebra mussels
Munitor zebra mussel loads
Assess zebra mussel impact
Emergency zebra mussel
response plan
Protective legislation
Propose critical habitat
Assess human disturbance
Educational signs
Public education
Tour boat operations
Describe glochidia
Compare St. Croix habitats
Microhabitat needs
Assess low flow and
dewatering impacts
Reproductive phenology
1Glochidial host
identification
Gloehidial host
distribution
1Reproductive success
factors

Ongoing

Ongoing
2
Ongoing

Ongoing
Ongoing
Ongoing
Ongoing

2
2

Ongoing

2
Ongoing
Ongoing
2

3
4

TBD

USFWS ES

USFWS ES
USFWS ES
USFWS ES
USFWS ES

USFWS ES
USFWS ES
IJSFWS ES
USEWS ES

LJSFWS ES
USFWS ES
USFWS ES
USFWS ES
USEWS ES
LJSEWS ES
USFWS ES
USEWS ES
USEWS ES
USFWS ES

USEWS ES
USEWS ES

IJSFWS ES

USEWS ES

NPS, contract

NPS,NSP,MDNR 7.5
NPS,WDNR, MDNR 60
NPS,NSP 0
NPS t)

NPS
NPS
M~S
NPS

20 0 0

2.0 2.0 Installed, 1993
30 0 Completed, 1995

1 0
3 0

See lD3 cost est.
See 1D3 cost est.
See 1D3 cost est.

200 200 200 In progress, 1993

See 1D3 cost est.NI’S
NPS
NI’S
NPS
NI’S
NI’S

2 2 0
5 0 0

10 0 0
I I I

0 0
10 10 0 NI3SLab,LaCrosse,WI
10 10 10
30 30 30 After Task 2E1
30 30 0

20 20 20
20 20 20

TBD TBD TBD After Task 2C2

TBD TI3D TBD

Cost Estimate
(X$1000)

Yr.1 2 3 Comments

11)1
I D2
I D3
I D4

N) IDS
IE4
IFI
I F2
I F3
I F4
2A4
2B I
2133
2B6

2C 1
2C2

2C3

2C4

2EI I Population survey Ongoing USEWS ES 20 20 20



ImplementationSchedulefor WingedMapleleaf(Quadrulafragosa)RecoveryPlan
(Priority 2 Tasks)

ResponsibleParty
Cost Estimate

Task
Task Priority

Task
Description

Years
Duration

USFWS
Reg. Prof. Other

(X$1000)
Yr. 1 2 3 Comments

I B3 2 Analyze hourly flow records
ICI 2 Hazardous material

transport
1-lazardous material storage
Spill reduction and
response plan
NSPspill assistance
Hazardous waste facilities
Federal agency agreements
State agency agreements
Natural heritage databases
Review water quality
classification
Monitor ammonia
Point discharge impacts
Point discharge permits
Assess toxins
Metal contamination history
Water quality monitoring
Assess non-point pollution
Review forestry plans
Mining inventory and
assessment

I H4 2 Assess agriculture
IH5 2 Assess residential and

commercial development
Watershed remediation
Assess predation
Predator control
1-listorical distribution
Assess ice and flood scour
Assess sediment deposition
Conduct PVA and MVP

USEWS ES NI’S, contract [131) ‘FBI) ‘FBI)
IJSFWS ES NPS,contract TED TED TI3D

USFWS ES NI’S 1131) TED TED
USFWS ES NI’S 1131) 1131) TI3D

Ongoing

IJSFWS ES
USFWS ES
USFWS ES
USFWS ES
USFWS ES
IJSFWS ES

Ongoing USEWS ES
Ongoing USEWS ES
Continuous USEWS ES
2 IJSFWS ES
2 USEWS ES
Ongoing USEWS ES
I USFWS ES

USEWS ES
USFWS ES

Ni’S 1131) TL3D hID
NI’S 1131) 1131) 1131)
NI’S TED TED TED
NI’S ‘I’ED Till) TEL)
NI’S TEL) 1131) TI3D
NI’S 1131) TED TED

NI’S 1131) ‘[131) TED See Task 1G7
NI’S TED TBD ‘rED Cost dependent on sources
NI’S TBD TBD TBD Cost dependent on sources
NPS TED ‘1131) TIll)
NI’S TED TIID TI3D
NI’S TI3D TED TED Through MPCA or USGS
NI’S TIll) 1131) TED
NI’S hID TED TED
NI’S TED 1131) ‘[131)

USEWS ES NI’S ‘[131) TED TED
USFWS ES NI’S TED L’13D TBD

Continuous USEWS ES
2 USFWS ES
Continuous USEWS ES
2 USFWS ES
2 USFWS ES
2 USFWS ES
TED USFWS ES

NI’S TED ‘lED ‘[lID
NI’S TED TED TED
NI’S TED TED TED

TEl) TED TED After Task 2E2
TED TED TED After Task 2E1
TED TIID TED After Task 2E1
TED 1131) ‘l’131) Good data are not available

1C2 2
1C4 2

ICS 2
1C6 2
IEI 2
1E2 2
IES 2
IGI 2

I G2
% 1G3

I G4
1 G5
I G6
I G7
IHI
1112
11-13

2
2
2
2
2
2
2
2
2

11-16
112
113
2132
2134
2135
2D I

2
2
2
2
2
2
2



ImplementationSchedulefor WingedMapleleaf(Quadru/aJragosa)RecoveryPlan

(Priority 2 Tasks,continued,andPriority 3 Tasks)

Responsible Party

Task
Task Priority

Task
Descrintion

Years
Duration

USFWS
Re~. Prol!. Other

Cost Estimate
(X.¶ 1000)

Yr.1 2 3

21)2 2 Demographic pattems
21)4 2 Determine necessary number

of populations
2E2 2 Historic distribution
3A1 2 Assess enhancement vs.

relocation/reintroduction
3A2 2 Develop population

enhancement plan
4A1 2 1)evelop translocation

protocol
4A2 2 Identify suitable habitat
4131 2 Evaluate in situ vs.

ex situ measures
4132 2 Mussel cultivation
1E3 3 Review county zoning
1G8 3 Contaminants literature

review
III 3 Assess non-human predator

populations

TBI)

5
TEL)

T131)

USFWS ES
USFWS ES

USEWS ES
USFWS ES

LJSFWS ES

Ongoing USFWS ES

TED
Ongoing

Ongoing

2

2

2

114 3 Assess parasites and

3
3
3
3

disease
Evaluate cryopreservation
Molecular systematics
Conchology studies
Describe soft body
morphology

3 1 listoric distribution
3 Monitor recruitment
3 Monitor population size
3 Monitor age structure
3 Monitor genetic structure
3 Monitor longevity
3 Population surveys
3 Watershed Management Plan

TED
TED
TED
TED
TED
TEl)
TED

USEWS ES
USEWS ES

USEWS ES
USEWS ES
USEWS ES

TED TEl) TI3D
T131) ‘[ED TED

TED TED TED
TL3D TED ‘I’ED

T13[) TED TED

TI3I) TED TED

TED TED TED
TEl) TED TED Work in progress elsewhere

NI’S
NI’S

USEWS ES NI’S

USEWS ES NI’S

IJSIZWS ES
USEWS ES
IJSFWS ES
USEWS ES

USEWS ES
USEWS ES
USEWS ES
USEWS ES
USEWS ES
USEWS ES
USEWS ES
USEWS ES

NI’S

TED T131) TED Work in progress elsewhere
TEl) TED TED
TED TED TEl)

TED TED TED

TED TED TED

TEl) TIll) TED
TIll) TED TED Existing material
TED TED TED Existing material
TED TED TEL) Existing material

TED TED TED
TED TED TED
TED TED TED
TED TED TED
TED TED TED
TEL) TED T131)
TEl) ‘lED TED
TED TED TBD

Comments

Iji
2A I
2A2
2A3

21)3
SAl
5A2
5A3
5A4
5131
5132
SC I



TABLE 1
HISTORICAL DISTRIBUTION OF

QUADRUZ.APRAGOSAWITH REFERENCES

River
Mississippi

Atchafalaya****
Red

Kia~nachi
Soggy
Little

Arkansas
Whi tewater
Verdigris

Fall
Grand

Neosho
Ohio

Licking
Tennessee

Duck
Cum~erland* * * * *

Earpeth
Wabash

West White
Raccoon Creek

Scioto
Kaskaskia
Illinois

Spoon
Sangamon

Missouri
Kansas

Soldier Creek
Blue

Bow Creek
Osage
102

Fox
DesMoines

Raccoon
Iowa

Cedar
Wisconsin

Baraboo
St. Croix

State
WI
IL
MO
MN
IA

OK
OK
OK
OK

KA

KA

KA
OH
IN
KY
TN
TN
TN
TN
IN
IN
OH
OH
IL
IL
IL
IL

Citation*
21,22,41

Publication* *

24
60

21,22

61
37,39,53

48

34
34

Museum***
26,27,28,29,48

16

28,29
16,20,23

28

6

55

25,36,50,54,55

25
50
54

25,36,49,50
42
36

54
36,54

3,33

KA
NE
NE
MO
MO
MO
IA
IA
IA
IA
WI
WI
WI

4,8,44

6,7,34
4,9,10,14,51,57

9,10,12,45

45,46,51,56
43,56

17,45, 51,56,63,38,42
56, 63

9,10,11,12
10, 11, 12

62
12,15,57

2,24
2,17,24
2,24,59

23

23
16,23,38

38
23,43
23,42

16, 18,23,28
16,23

28
23,28

28

16
16,23,28

5

52

1
1

60
60

35
35

24,35,47
24

40,41,58
29,41
32,41 31

23,28

23
20,23,28

20,23
3,13,23,28,29,30

3
19,23,28,29

Many of these records have not been recently verified. Rivers are nested
to show drainage basin. Rivers in bold type are rivers from which there
are records of the occurrence of Q. Era gosa.
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C Table 1 continued)

* Citation: Records in which the author simply cites someone else~s work
as indicating this record exists or personal communication.

** Pu.blication: Records which are published in literature or government
report/document and includes at least one original report.

*** Museum: Records which reference a museum collection with vouchered
specimens.

**** The systematics of this population are not clear. See text for
discussion.

~ Gordon (1992) claims all museum vouchers for this river are
misidentified Q. qtiadrula.

Key to Citations, Publications and Museum Records for Table 1

1) Aughey 1877
2) Baker 1906
3) Baker 1928
4) Call 1885a
5) Call 1885b
6) Call 1885c
7) Call 1886
8) Call 1887
9) Call 1894
10) Call 1896
11) Call 1897
12) Call 1900
13) Chadwick 1906
14) Coker 1921
15) Conrad 1835
16) Cummings 1989
17) Danglade 1914
18) Daniela 1903
19) Doolittle 1988
20) Frest 1987
21) Fuller 1980b
22) Fuller 198Cc
23) Gordon 1992
24) Grier & Mueller

1922-1923

25) R.R. Hannan, Kentucky
State Nature Preserves
Commission, In 2~ct. 1989

26) Havlik a Marking 1980
27) Havlik & Stansbery 1978
28) Heath 1981-85
29) Heath 1986a
30) Heath 1986b
31) Heath & Rasmussen 1990
32) Hornbach 1992
33) ILNHS 1986
34) Isley 1925
35) Keyes 1889
36) LaRoogue 1967
37) Mather 1983
38) D.R. McCormick, Kentucky

Department of Fish and
Wildlife Resources
in lIct. 1989

39) P. Mehihop-Cifelli,
Oklahoma Natural History,
Inventory in litt. 1989

40) Morrison 1929

41) Ronald F. Nicotera,
Wisconsin Department of
Natural Resources,
in litt. 1989

42) Ortmann 1924
43) Ortvsann 1925
44) Popenne 1885
45) Scammon 1906
46) Scrugge 1960
47) Shisiek 1888
48) Shimek 1921
49) Sickel 1982
50) Simpson 1900
51) Simpson 1914
52) Stansbery 1972
53) Stansbery 1974
54) Stansbery et al. 1985
55) Stansbery 1991
56) Starnes a Bogan 1988
57) Sterki 1907
58) Stern 1983
59) Strode 1891
60) Utterback 1915
61) Valentine a Stansbery 1971
62) Wetters 1988
63) Wilson & Clark 1914
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TABLE 2
WATERCHEMISTRY OF

THE ST. CROIX RIVER AT ST. CROIX FALLS

Parameter Beginning Ending ~ Mean Standard Minimum Maximum
Date Date Error

Alkalinity, total (mg/i) 1/22/53 8/3/85 126 74.7 1.6 28 110
Aluminum, total (,ug/1)*** 11/14/74 8/7/79 19 115.8 16.7 10 250
Arsenic, total (ug/l)* 1975 1983 30 1.0 .09 <1 3
Cadmium, tot. recov. (~g/l)* 1975 1983 30 1.0 0.15 <1 3
Calcium (mg/i) 7/20/71 7/20/77 60 51.2 1.9 21 97
Carbon, tot. organic (mg/i) 12/21/74 4/10/81 47 8.41 0.59 1.6 19
Chloride (mg/i) 4/14/53 2/25/86 148 3.7 0.16 0.50 16
Chromium, tot. recov. (pg/1)* 1975 1983 30 9 1.10 <20 20
Cobalt, tot. recov. (~g/l)~ 1975 1983 30 1.0 0.33 <2 4
Color (PTU) 1/22/53 4/18/74 19 68.2 10.9 10 170
Conductivity (/.Lmhos) 7/20/71 7/31/90 202 169.2 3.0 78 295
Copper, tot. recov. (~g/l)* 1975 1983 30 4.0 0.91 <2 24
Cyanide (mg/i) 9/17/71 7/9/74 2 0.005 - 0.005 0.005
Hardness, total (mg/i) 11/7/66 2/25/86 123 80.8 1.6 31 110
Iron, tot. recoverable (~g/1)* 1975 1983 30 880 133.3 200 4,000
Lead, tot, recoverable (~tg/l)* 1975 1983 30 10 2.19 <2 63
Magnesium (mg/i) 9/17/71 7/22/77 16 31.1 1.3 19 40
Manganese (,ug/l)* 1975 1983 30 80 3.65 20 160
Mercury, tot. recov. (~g/1)* 1975 1983 30 0.20 0.04 <0.1 0.6
Nickel C~ig/l) 7/20/71 8/19/82 69 12.6 2.7 1 190
Nitrogen, total (mg/i) 10/3/74 4/10/81 48 0.86 0.05 0.4 1.8
Nitrogen, organic (mg/i) 9/17/71 4/5/86 80 0.60 0.03 0.0 1.6
Nitrogen (Nli

3&NH4) tot. (mg/i) 7/20/71 4/5/86 33 0.092 0.02 0.0 0.69
Nitrogen (NO2 & NO3) (mg/i) 8/28/76 4/10/81 66 0.25 0.02 0.01 0.87
Nitrogen KJELD total (mg/i) 10/3/74 4/5/86 71 0.66 0.05 0.13 3.2
Oil, Grease, Freon (mg/i) 9/17/71 7/9/74 3 1.2 0.47 0.3 1.9
Oxygen, dissolved (mg/i) 1/22/53 10/4/90 161 9.5 0.16 4.0 14.0
pH 1/22/53 10/12/89 172 7.6** - 6.6 8.8
Phosphorus, total (mg/i P) 7/20/71 4/5/86 146 0.063 0.005 0.01 0.67
Potassium, dissolved (mg/i) 11/7/66 2/25/86 131 1.7 0.20 0.10 21.0
Silica (mg/i) 11/7/66 2/25/86 77 11.9 0.43 4.8 27.0
Silver (~.±g/i) 9/17/71 8/19/82 20 0.85 0.50 0 10.0
Sodium, dissolved (mg/i) 11/7/66 2/25/86 132 3.8 0.23 1.5 29.0
Stream Flow (CFS) 1/22/53 10/4/90 168 6411 486 909 36,000
Sulfate (mg/i) 9/17/71 2/25/86 116 7.2 0.27 0.10 17.0
Sulfide (mg/i) 9/17/71 7/9/74 3 0.03 0.01 0.02 0.05
Suspended Sediment (mg/i) 12/4/74 4/5/86 69 8.8 1.2 1.0 54
Suspended Sed. (tons/day) 12/4/74 4/5/86 52 158.4 52.8 5.1 2,620
Temperature (

0C) 11/7/66 10/4/90 155 9.6 0.72 0.0 28.0
Turbidity (Hach FTU) 7/21/71 2/25/86 117 4.0 0.29 0.30 20.0
Zinc, tot. recoverable (~ig/l)* 1975 1983 29 30 1.28 <10 380

Unless otherwise noted, data in this table are a compilation of NPCA and USGS data
retrieved from the STORET data base for samples taken at the St. Croix Falls sampling
station.

* Data from Graczyk 1986.

** This is a median, rather than a mean.

~ There are no aluminum measurements recorded from the St. Croix Falls station. These
values are from the USGS station at Stiliwater. The five values recorded as being
‘less than” are treated as in Graczyk (1986)
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TABLE 3

PHYSICAL HABITAT OF THE
QUADRULAFRAGOSAPOPULATION IN THE ST. CROIX RIVER

Depth ()*
0.54
0 .62
1.24
1.60
1.60
0.60
0 . 82
0.60

9 0.86
10 0.82
11 0.64
Mean 0.90
Standard Error 0.12

Bottom flow (m/sec)*
0.1
0 .14
0.18
0.12
0.15
0.04

0 . 12
0.02

0.6 flow (m/sec)*
0.14
0.23
0.53
0.36
0.39
0.16

0.30
0.06

Data in this table is compiled from Hornbach (1992)

* This data is strongly dependent on Northern States Power dam operations and
will be reanalyzed when dam operational data is made available and the Stream
flow study is completed.

Mussel #
1
2
3
4
5
6
7
8

Mean e
-2.30
-2.71
-3.23
-3.18
-2.47
-2.57
-1.58
-2.42
-2.61
-2.79
-3.13
-2.64

0.14
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TABLE 4

FISH TISSUE CONT?,MINATION AT
ST. CROIX FALLS

Fish Species

Channel catfish
Black crappie
Northern Pike
Smalimouth bass
Smailmouth bass
Smailmouth bass
Walleye
Walleye
Crappie

PCB-1260
(ug/cT wet wt

)

<0 . 01
<0 . 01
<0 . 01
<0. 01
<0 .01
<0 .01
<0.01
<0.01
<0.01

PCB-1254

<10
<10
<10
<10
<10
<10
<10
<10
<10

PCBS

<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0. 02

<0. 02

Aro ci or

<20
<20
<20
<20
<20
<20
<20
<20
<20

Mercury
(u~/Q wet wt

)

0.14
0.07
0.21
0.31
0.23
0.19
0.24
0.61
0.07

All data was collected by MPCA and retrieved from STORET.

49



TABLE 5

MAJORMUNICIPAL AND INDUSTRIAL POINT DISCHARGERS

TO THE ST. CROIX RIVER

Minnesota Discharcrers

River Mile
53.5 (86.1 kin)

37.8 (60.8 kin)
34.4 (55.4 kin)

22 . 7
21.6
21. 0
19.8

(36.5
(34 . 8
(33.8
(31.9

Waste Water Treatment Facility, Taylor’s
Falls
William O’Brien State Park, Washington County
Christian Brothers’ Retreat, Washington
County
Waste Water Treatment Facility, Stillwater
NSP Powerplant, Stillwater
Anderson Windows, Bayport
Waste Water Treatment Facility, Bayport

kin)
kin)
kin)
kin)

Wisconsin DischarQers

53.8 (86.6 kin)
53.7 (86.4 kin)

46.3 (74.5 kin)
48.7 (78.4 kin)
16.7 (26.9 kin)

Wisconsin DNR Fish Hatchery, St. Croix Falls
Waste Water Treatment Facility, St. Croix

Waste Water Treatment Facility, Osceola
Wisconsin DNR Fish Hatchery, Osceola
Waste Water Treatment Facility, Hudson

Falls

50



TABLE 6

MUSSEL C030(UNITY FOUND IN ASSOCIATION WITH
QUADRULAFRAGOSAIN THE ST. CROIX RIVER

Species
Truncilla truncata
Quadrula Era gosa
Truncilla donaciformis
Tx-i togonia verrucosa
Quadrula metanevra
Actinonalas carinata
Quadrula pus tulosa
Ellipsaria lineolata
Obliquaria ref lexa
Cyclonalas tuberculaca
Obovaria olivaria
Lampsi.Iis radiata si3.iquoidea
Epio.b.lasma triguetra
EJ.liptio dilitata
Fusconaja flava
Alasmodonta znarginata
Leptodea fragilis
Aml2lema plicata
Ligumia recta
Toxolasma parvus
Pleurobema sin toxia

Total number found
77
11
10

S
4
4
3
3
2
2
2
1
1

Number czuadrats
11
11

8
4
3
4
2
3
2
1
1
1

1
1

1
1
1

1 1
1
1
1

1
1
1

1
1

1
1

Mean # ~uadrat -l
7.0
1.0

1.25
*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

This data is from Hornbach (1992). This
quadrats that each included at least one
et al. 1988.

is the results of a survey of 11, 0.25 m2
Q. Eragosa. Nomenclature after Turgeon

* The sample size is too small for a meaningful calculation.
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TABLE 7

SIZE AND AGE DISTRIBUTION OF 76
QUADRULAFP.AGOSA SAMPLEDIN THE ST. CROIX RIVER

BETWEEN 1988 AND 1992

Year
of

Observation

Year
of

Birth

Age
year of

Observation
Length Height
I~i I~i Investigator

83 71 Wisconsin DNR,
91 76 Wisconsin DNR,
78 70 Wisconsin DNR,
74 65 Wisconsin DNR,
82 72 Wisconsin DNR,
79 69 Wisconsin DNR,
73 62 Wisconsin DNR,
96 80 Miller 1992

91 73 Miller 1992
90 72 Wisconsin DNR,
74 68 Miller 1992
75 70 Hornbach 1992
83 71 Wisconsin DNR,
71 68 Hornbach 1992
73 64 Wisconsin DNR,
55 58 Wisconsin DNR,
69 63 Wisconsin DNR,
69 64 Wisconsin DNR,
71 63 Wisconsin DNR,
73 63 Miller 1992
67 58 Miller 1992
70 61 Miller 1992
68 61 Miller 1992
70 62 Wisconsin DNR,
58 57 Wisconsin DNR,
57 52 Wisconsin DNR,
72 65 Wisconsin DNR,
58 54 Wisconsin DNR,
83 71 Wisconsin DNR,
73 62 Wisconsin DNR,
67 58 Wisconsin DNR,
83 68 Wisconsin DNR,
60 55 Miller 1992
73 68 Hornbach 1992
60 55 Wisconsin DNR,
83 71 Wisconsin DNR,
70 65 Hornbach 1992
72 66 Hornbach 1992
60 54 Wisconsin DNR,
58 54 ~isconsin DNR,
71 63 Miller 1992
54 50 Miller 1992

unpub. data

unpub.

unpub.
unpub.
unpub.
unpub.
unpub.

unpub.
unpub.
unpub.
unpub.
unpub.
unpub.
unpub.
unpub.
unpub.

data

data
data
data
data
data

data
data
data
data
data
data
data
data
data

unpub. data
unpub. data

unpub. data
unpub. data

Continued next page.

1989
1988
1988
1989
1988
1989
1989
1991

1967
1968
1968
1968
1968
1969
1971
1973

22
20
20
21
20
20
18
18

unpub.
unpub.
unpub.
unpub.
unpub.
unpub.
unpub.

data
data
data
data
data
data
data

1991
1989
1991
1992
1989
1992
1988
1988
1989
1989
1989
1991
1991
1991
1991
1988
1988
1989
1989
1989
1989
1989
1989
1989
1991
1992
1988
1989
1992
1992
1989
1989
1990
1991

1973
1975
1976
1976
1977
1977
1978
1978
1978
1978
1978
1978
1978
1978
1978
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1980
1980
1980
1980
1981
1981
1981
1981

18
14
15
16
12
15
10
10
11
11
11
13
13
13
13
9
9
10
10
10
10
10
10
10
12
13
8
9
12
12
8
8
9
10
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(Table 7, continued)

Year Year Age
of of year of Length Height

Observation Birth Observation .~L ~j Investigator

1989 1982 7 51 47 Wisconsin DNR, unpub. data
1991 1982 9 54 50 Miller 1992
1988 1983 5 44 40 Wisconsin DNR, unpub. data
1990 1983 54 51 Miller 1992
1992 1983 9 69 62 Hornbach 1992
1988 1984 4 29 28 Wisconsin DNR, unpub. data
1988 1984 4 35 35 Wisconsin DNR, unpub. data
1988 1984 4 36 34 Wisconsin DNR, unpub. data
1989 1984 5 39 37 Wisconsin DNR, unpub. data
1989 1984 5 46 41 Wisconsin DNR, unpub. data
1989 1984 5 48 45 Wisconsin DNP., unpub. data
1989 1984 5 45 42 Wisconsin DNR, unpub. data
1989 1984 5 46 45 Wisconsin DNR, unpub. data
1989 1984 5 44 41 Wisconsin DNR, unpub. data
1989 1984 5 46 44 Wisconsin DNR, unpub. data
1989 1984 5 44 40 Wisconsin DNR, unpub. data
1989 1984 5 40 37 Wisconsin DNR, unpub. data
1989 1984 5 83 71 Wisconsin DNR, unpub. data
1989 1984 5 83 71 Wisconsin DNR, unpub. data
1989 1984 5 83 71 Wisconsin DNR, unpub. data
1989 1984 5 31 30 Wisconsin DNR, unpub. data
1989 1984 5 40 38 Wisconsin DNR, unpub. data
1989 1984 5 38 37 Wisconsin DNR, unpub. data
1989 1984 5 37 34 Wisconsin DNR, unpub. data
1990 1984 6 51 47 Miller 1992
1990 1984 6 54 50 Miller 1992
1990 1984 6 40 38 Miller 1992
1990 1985 5 38 34 Miller 1992
1992 1986 6 45 40 Nornbach 1992
1992 1986 6 56 54 Hornbach 1992
1991 1987 4 19 14 Hornbach 1992
1992 1987 5 35 32 Hornbach 1992
1992 1987 5 37 34 Hornbach 1992
1992 1989 3 17 15 Hornbach 1992
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TABLE S

FISE DISTRIB1~TIO1( I~ TEE ST. CROIX RIVER

Glochidia

S~eciea
Pumpkinseed (Lepomis gibbosus)
Sauger (Stizostedion canadense)
Mooneyc (Hiodon rergisus)
Flathead catfish )Pylodictis olivaris)
American eel (Anguilla rosrrata)
Silver chub (Hybepsis storeriana)
Shortnose gar

(Lepisosteus platostomus)
Smallmouth buffalo (Ictiobus bubal us)
Golden redhorse (Moxostorna erytburum)
White bass (Morons chrysops)
Gizzard shad (florosoma cepedianuin)
Yellow perch (Perca flavescens)
Bluegill (Lepomis macbrochirus)
Northern pike (Esox lucius)
Shorthead redhorse

(Moxosroma macrolepidotum)
Black crappie (Pomoxis nigromaculatus)
Silver redhoree (Moxostoma anisurum)
Smallrsouth bass (Micropterus doloniieu)
N. rock bass (Ambloplites rupesrris)
Common carp (Cyprinus carpio)
White crappie (Pomoxis annularis)
M. channel catfish

(Ictalurus punctarus)
Freshwater drum (Aplodinotus grunniens)
White sucker (Catostomus commersonnhi)
Walleyc (Stizostedion vitreuls)
Quillback carpsucker

(Carpoides cyprinus)
Lake sturgeon (Acipenser fulvescens)
Bowfin (Arnia calva)
Longnose gar (Lepisosteus osseus)
Spotted sucker (Minytrema melanops)
Bigmouth buffalo (lcriobus cyprinellus)
N. hog sucker (Hypenteliurn nigricans)
Emerald shiner (Notropis atherinoides)
River carpsucker (Carpi odes carpi 0)
Largemouth bass (Micropterus salrnoides)
Mimic shiner (Notropis volucellus)
Johnny darter (Etheostoma nigru.rn)
Spotfin shiner )Notropis spi.Oopterus)
N. log perch (Peroina caprodes)
Spottail shiner (Notropis hudsonius)
Brook silverside (Labidesthes sicculus)
Bluntnose minnow (Pimephales noratus)
Sand shiner (Notropis strarnineuS)
Bigmouth shiner (Notropis dorsalis)
Chestnut lamprey

(Xchthyornyzoncastaneus)
Trout-perch (Percopsis omiscomaycus)
Common shiner (Notropis cornutus)
Brown trout (Salmo trutta)
Golden shiner

(Notemigonuschrysoleucus)
Fathead minnow (Pimephalespromelas)
Brook stickleback (Culaca inconstans)
N. black bullhead (Zctalurus melas)
Muskellunge (Esox masquinongy)
Gilt darter (Percina evides)
River redhorse (Moxosroma carina turn)
Blackside darter (Percina maculata)
Rainbow darter )Etheostoma caeruleum)
Greater redhorse

(Moxos tome valenciennesi)
Western sanddarter (Anm,ocrypta clara)
Slenderheaddarter

(Percina phoxocephala)
River darter (Percina shumardi)
Pugnoseminnow (Notropis emillee)
Silver lamprey (lob thyomyzonunicuspis)
Speckled chub (Hybopsis aestivalis)
Crystal darter (Ammocrypta asprella)
Highf in carpsucker (Carpiodes velifer)
Blue sucker (Cyc.Oeptus elongatus)
Green sunfish )Lepomis cyanellus)
Fantail darter (Etheostoma f.labellare)

Eosts 197S-83~
2500

3 8
4

1,2,4 1

2700
74

17000
3,4 15000

3100
2400

4 1800
1400
1100
1000

620
2,4 48

2,4 29

9
11000

2800
94

9
120

1
5

1200
750

4 6800

3100
6000

5 2200

1300
1100
1000

17000
1000

370
270

67
8400
4300
3300

2800
1700

2 870
440
370
320
200
140
130
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21
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10

3
2
2
1

3 130
100
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(Table 8, continued)

Total # St. Croix Lower Lake. Miles Miles Taylor’s
Glochidia Basin River St. 23.4- 44.4- Falls

Wide Basin Croix 44.4 51.0
Species Rosts

1975~1983b 1975-83’ River’ 1988 1890’ 1991’ l959-63~

Tadpole madtom (Noturus gyrinus) 250 P A
Brown bullhead (Xctalurus nebulosus( 2 240 P A
Banded killifish (Fundulus diaphanus) 770 P A
N. yellow bullhead )Ictalurus natalis) 200 P A
Least darter )Etheostoma microperca) 150 P A
Stonecat (Noturus flavus) 38 P A
Longoose dace (Rhinichthys cataractas) 930 P A
Pugnose shiner (Notemigonus anogenus) 48 P
Central mudmmnnow (Umbra limi) 2500 P
Pearl dace (Semotilus margarita) 270 P
Brassy minnow (Hybognathuabanksinsoni) 990 P
Central stoneroller 410 P

Campostomaanomalum)
Finescale dace (Phoxinus neogaetzs) 140 P
Lake herring or cisco 110 P

Coregonusart edii)
Redbelly dace (Phoxinus eos) 930 P
Mottled sculpin (Cotrus bairdi) 920 P
Nornyhead chub (Nocomis biguttatus) 3200 P
Largescale stoneroller 200 P

(Campostoma oligolepsis)
American burbot (Lots lota) 180 P
Brook trout (Salvelinus ifontinalis) 3100 P
Slimy sculpin )Cottus cognatus) 42 P
Iowa darter )Etheostorna exiles) 2500 P
Blackchin shiner (Notropis heterodon) 2100 P
Blacknose dace (P.hinichthys atratulus) 1800 P
Creek chub )Semotilus atromaculatus) 3800 P
Blacknose shiner )Notropis heterolepis) 3600 P
American brook lamprey 13 P

(Lampetra appendix)
Rainbow trout (Salmo gairdneri) 13 P
Warmouth (Lepomis gu.Oosus) 7 P
Northern brook lamprey 6 P

(Xc thyomyzon fossor)
Rainbow smelt (Osmerus mordax) - P
Skipjack herring )Alosa chrysoch.Ooris) - A A
Goldeye )Hiodon alosoides) - A A
Mud darter (Etheostoma aspri gene) - A A
Weed shiner (Notropis texanus) - A A
River shiner (Notropis blennius) - A A
Pallid shiner (Notropis amnis) - A P
Lake trout (Salvelinus namaycush) - A
Southern brook lamprey

(lchthyomyzon gagei) *
Shovelnose sturgeon A

(Scaphirynchus platorynchus) *
Paddlefish (Polydon spathula) A
Blue catfish (Ictalurus furcatus)’ P

P m At least one individual present in survey.
A = Not found in this survey, but reported present prior to 1975.
a) Host for glochidia of mussels listed below from Oesch (1984), Hill (1986), or

Watters (1994)
b) Total number of specimens taken by all methods from the entire St. Croix drainage

basin. The data is from Fago (1986), Table 7.
c) The data is from Fago (1986). Table 6, for stream surveys in the entire St. Croix

watershed from 1975 to 1983.
d) The data is from Fago, Hatch, and Graczyk, unpublished manuscript.
e) Data from Stewart and Gilbertson (1988).
f) Data from Minnesota DNP. Stream Population Assessment, unpublished data for 1990
g) Data from Minnesota DN~R Stream Population Assessment, unpublished data for 1991.
h) Data from Peterson (1964) Table 10.

1) Mapleleaf (Quadrula quadru.la)
2) Pimple-back (Q. pustulosa)
3) Monkey-face (Q. metanerva)
4) Warty-back CQ. nodulata)
5) Rabbitsfoot (Q. cylindrica)

* Listed in Becker (1983), Lee et al. (1980), or Phillips et al. (1982)
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Figure 1. Externalshell view ofwingedmapleleaffreshwatermussel,Quadrulafragosa,St. Croix River,

InterstatePark.(PhotobyDavidHeath,WisconsinDepartmentof NaturalResources)
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Figure 2. Historic distribtion of Quadrulafragosa.
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Figure 3. Mean Daily Discharge at Interstate Park, 1902 to 1991.
The data is from the USGS NASQAN station (05340500) as cited in Hornbach’s
Figure 20 (1992)
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Figure 4. Water Temperature at St. Croix Falls from 1975 to
1991. The data was colleCted approximately monthly and is
from the USGS NASQAN station (05340500) retrieved through

STORET.
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Figure 5. Suspended Sediment at St. Croiz Falls from 1974

to 1986. The data was collected approximately monthly and
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(station SCSC-52BB) retrieved through STORET.
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Figure 6. Dissolved Oxygen at St. Croix Falls from 1953

to 1990. The data was collected approximately monthly and

is from the USGS NASQANstation (05340500) and the MPCA

station (SCSC—52BB) retrieved through STORET.

0

0

a

14—

12-

“4
-~ 10-
01U
‘-V

S
018-
K
0

‘a
S
~ 6-F-a
0

.9.’

0
4-

2-

00

00
• 0

0
0

S
0

0

0

0

0
0

0

0• S
0

ri —

1/1/50

C)

0

61



120-

110-

100-

90-
“4

01 80-
U
~‘ 70-4)

.9.4

•“‘ 60-“4S

“4
‘~ 50-i

S
~j 40-
0

Is
30-

20-

1/1/52 1/1/57 1/1/62 1/1/67 1/1/72 1/1/77 1/1/82
Date

Figure 7. Total Alkalinity at St. Croix Falls from 1952

to 1986. The data was collected approximately monthly and

is from the USGS, NASQANstation (05340500) and the MPCA

station (SCSC-52BB) retrieved through STORET.
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Figure 8. Calcium and Total Hardness at St. Croix Falls from
1971 to 19861. The data was collected approximately monthly

and is from the USGS NASQANstation (05340500) and the MFCA

station (SCSC—52BB) retrieved through STORET.
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Figure 10. Total Amunonia at St. Croix Falls 1977 to 1986.

The data was collected at the USGS NASQANstation (05340500).
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Figure 12. Specific Conductivity at St. Croix Falls from 1971

to 1991. The data is from the USGS, NASQANstation (05340500)

and the MPCA station (SCSC—52BB) retrieved through STORET.
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APPENDIX 1

Technical Advisors to the Recovery Team

The Winged Mapleleaf Recovery Team commenced its work by meeting with 10
technical advisors on February 24, 1992, to develop an overview of information
and issues relevant to the protection and recovery of the species.

Peer Review and Peer Contributors

The U.S. Fish and Wildlife Service gives special thinks to experts, in
addition to the experts on the recovery team and their technical advisors, who
reviewed drafts and/or provided information or expert recommendations for
various parts of the Winged Mapleleaf Mussel Recovery Plan. On October 12,
1994, the Team met with scientists expert in the taxonomy of the Quadrula
species complex to obtain the best and latest information and opinion
regarding the status of Q. fragosa as a valid species. Team members continued
to comnunicate with peer experts throughout development of the recovery plan.
The input and review by peer experts was invaluable in bringing the latest
expert taxonomic opinion and other current information to the final plan.

The following expert peers provided review and/or scientific information to
the recovery team:

Mr. Ian Chisholm, Minnesota Department of Natural Resources, St. Paul
Mr. David Hanson, EA West, Lafayette, California
Mr. Shaw-n Johnson, Minnesota Department of Natural Resources, Fergus Falls
Dr. James Layzer, U.S. Geological Serv½e, Biological Resources Div.

Cookeville, Tennessee
Mr. Paul Leonard, EDAW, Inc., Atlanta, Georgia
Dr. Charles Mather, University of Science and Arts, Chickasha, Oklahoma
Dr. Andrew Miller, Corps of Engineers Waterways Experiment Station, Vicksburg,

Mississippi
Mr. Glenn Miller, Great Lakes Indian Fish and Wildlife Commission, Odanah,

Wisconsin
Dr. Teresa J. Naimo, U.S. Geological Service, Biological Resources Div.

La Crosse, Wisconsin
Dr. David Stansbery, Ohio State University, Columbus
Dr. Nels Troelstrop, University of Minnesota, St. Paul
Dr. Diane Waller, U.S. Geological Service, Biological Resources Div.,

La Crosse, Wisconsin

Technical/Agency Review

The Service transmitted a technical/agency review draft of the plan to 23
involved technical and agency reviewers in April 1994; notice of availability
of the draft for public review was published in the April 22, 1994, Federal
Register. The Service and members of the Winged Mapleleaf Mussel Recovery
Team received 11 written responses and numerous, uncounted informal responses
addressing format, content, and organization of the draft. The team welcomed
and considered all comments, devoting several team meetings to appropriate
disposition of written comments. Contributions of technical/agency reviewers
enabled the Team to improve the final plan in its incorporation of the latest
available information and in details of wording and organization.
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1.0 BACKGROUND

The Lower St. Croix River, MN and WI, supports one of the richest freshwater

unionid mussel assemblages in the Upper Mississippi River system. This diverse

assemblage of 40 species is comprised of numerous rare mussels, including the

winged mapleleaf (Qu~dru1a fragosa) and the Higgens Eye (Lampsi.Zis higgensi),

both federally endangered species. The only known global population of Q.

fragosa inhabits a 12 mile reach of the Lower St. Croix River downstream of

the Northern States Power (NSP) hydroelectric darn at St. Croix Falls, WI (U.S.

Fish and Wildlife Service 1991). The most important habitat for Q. fragosa has

been identified as a riffle in the east channel at Folsum Island, Interstate

State Park, about 1.5 miles downstream of the NSP dam (Heath and Miller,

unpub. data; Hornbach 1992a and unpub. data). Approximately one third of the

more than 30 species of mussels found in the Interstate Park area are listed

as endangered, threatened, or of special concern by the states of Minnesota

and Wisconsin.

The NSP hydroelectric darn operates as a peaking facility, impounding water

(releasing minimal flows) during periods of off—peak demand (typically from

late evening through early morning) and releasing high generation flows during

periods of peak demand. During November 1989, National Park Service personnel

observed that nightly shutdowns of the power plant (no water was being

released downstream through the dam) were dewatering the mussel bed in the

east channel at Folsum Island. Resource agencies met with NSP to express

concern about Q. fragosa and other mussels being exposed to desiccation,

freezing, predation, and ice abrasion during these nightly shutdowns. NSP

stated that total plant shutdowns during winter have occurred frequently for

approximately the past 80 years (Schuster~, in litt., 1990). As a result of

this meeting, NSP voluntarily agreed to release a minimum discharge of 800

cubic feet per second (cfs) (equivalent to keeping one turbine open at all

times) from November 1 through March 31. NSF’s operating license requires a
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minimum release of 1600 cfs for navigation from April 1 through October 31. A

wetted perimeter study at Folsum Island (MnDNR 1990) and visual observations

indicate that the availability of mussel habitat at a dam release of 800 cfs

may be severely limited because much of the east channel is dewatered at this

discharge.

The availability of stream habitat is largely a function of stream discharge

(Trotzky and Gregory 1974; Milhous et al. 1981; Bovee 1982; Bain et al. 1988;

Leonard and Orth 1988). Changes in discharge translate into changes in

substrate, velocity, and depth conditions. These flow-dependent physical

habitat features play an important role in governing the distribution and

abundance of mussels (Salmon and Green 1983; Neves and Widlak 1987; Way et al.

1990; McMahon 1991; Strayer and Ralley 1993); consequently, hydroelectric

peaking facilities can influence the availability of mussel habitat by

creating wide fluctuations in discharge.

Similarly, the availability of habitat for many other macroinvertebrates and

fishes is also tied to discharge patterns. Discharge patterns can strongly

influence the structure of fish and macroinvertebrate communities (Fisher and

LaVoy 1972; Ward 1976; Gorman and Karr 1978; Horwitz .1978; Schlosser 1985,

1989; Cushman 1985; Gislason 1985; Bain et al. 1988; Bain and Boltz 1989).

Discharge can also influence the diversity of stream habitat (Kraft 1972;

Brusven and Trihey 1978; Leonard and Orth 1988; Aadland 1993), an important

factor governing the diversity of biota found within a stream (Gorman and Karr

1978; Schlosser 1982a).

2.0 STUDY OBJECTIVES

An instrearn flow study was initiated in 1992 to examine the relation between

habitat and discharge for the aquatic community in the Lower St. Croix River

downstream of the hydroelectric darn at St. Croix Falls, WI. The objectives of
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( this study were to:

A. develop site—specific habitat criteria describing the suitability of

substrate, velocity, and depth for Q. fragosa and the mussel community,

B. collect hydraulic and microhabitat data from two study sites below the

St. Croix Falls dam,

C. use hydraulic models to examine substrate, velocity, and depth

conditions at the study sites in relation to dam discharges,

D. examine habitat availability for mussels, macroinvertebrates, and

fishes in relation to dam discharges, and

E. examine habitat diversity in relation to dam discharges.

3.0 METHODS

The instream flow incremental methodology (IFIM; Bovee 1982), developed by the

Cooperative Instream Flow Group, U.S. Fish and Wildlife Service, was used to

assess the instream flow needs of the aquatic community. The IFIM is the most

commonly used instreaxn flow method (Reiser et al. 1989) and its use is often

required by the Federal Energy Regulatory Commission in the licensing and

relicensing of hydroelectric dams. Hydraulic and habitat modeling was executed

using the Physical Habitat Simulation System (PHABSIM), a computer—run

component of IFIM which combines hydraulic simulation procedures with habitat

suitability criteria to predict changes in available physical habitat with

changes in discharge (Milhous et al. 1981; Milhous et al. 1989).

3.1 Study Area

The St. Croix River begins in the far northwest corner of Wisconsin and flows

154 miles south to its confluence with the Mississippi River at Prescott, WI,

forming the border between Wisconsin and Minnesota over its last 130 miles

(Figure 1). The NSP hydroelectric dam at St. Croix Falls, WI forms the
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boundary between the Upper and Lower St. Croix rivers.

3.1.1 Hydrology

The Lower St. Croix River experiences high spring flows of 5000 to 10,000 cfs

from April through June, with flows ranging between 2000 and 4000 cfs the rest

of the year (Figure 2a). Discharge in the Lower St. Croix River is regulated

by the NSP dam at St. Croix Falls, WI. From April 1 through October 31, NSP is

required to maintain a minimum dam release of 1600 cfs during peaking

operations. Throughout the rest of the year, they have voluntarily maintained

a minimum release of 800 cfs since 1989. Prior to this time, there was no

minimum winter release. Typically, these minimum flows are maintained from

late evening through early morning with high generation flows (e.g., 5000—6000

cfs) released during morning and early evening hours (Figures 2b and 2c).

Based on mean daily flows over the period of hydrologic record (1902 to the

present), 1600 cfs represents an annual exceedance value of 88% (Figure 2d)

and monthly exceedance values ranging from 80% to 99% for the months April

through October (Table 1). A discharge of 800 cf s represents an annual

exceedance value of 99% and monthly exceedance values of 98% to 99% for the

months November through March.

3.1.2 Study Sites

Two PHABSIM study sites were selected: one at Interstate Park, MN and WI,

(Figure 3a) and the other at Franconia, MN (Figure 3b). The Interstate Park

site was selected to encompass the critical riffle located in the east channel

at Folsum Island. This site begins approximat&.y 400 feet upstream of the

public boat landing at Minnesota Interstate Park and extends upstream to 100

feet downstream of the public boat landing at Wisconsin Interstate Park.

Because Folsum Island divides the river into two distinct channels at
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Interstate Park, this site was divided into the following three channels for

modeling purposes: 1) east channel (the channel east of Folsum Island), 2)

navigation channel (the channel west of Folsum Island), and 3) main channel

(the channel upstream and downstream of Folsum Island). The proportion of

total discharge (discharge in the main channel) that flows through the east

channel increases markedly as total discharge increases: little, if any, water

flows through the east channel at a total discharge of 1000 cfs (based on

visual observations) compared to 20% at a total discharge of 1800 and 43% at a

total discharge of 3400 cfs (based on field measurements of discharge in each~

of the three channels). These three flows (1000, 1800, and 3400 cfs) were used

to develop a linear regression equation relating the discharge in the

navigation and east channels to total discharge (Appendix A) so that habitat

vs. discharge relations for the navigation and east channels could be

expressed in terms of total discharge.

The Franconia site, located about 2.5 river miles downstream of Interstate

Park, was selected to represent the 12 mile stretch of the Lower St. Croix

River below Folsum Island where Q. fragosa have been found. This site contains

a large mussel bed and Q. fragosa has been found here (Hornbach 1991, 1992b).

The Franconia site begins one fourth mile downstream of the Franconia public

boat landing and extends one half mile upstream.

3,2 Transect Selection

Three transects were established across each of the three channels (main,

east, and navigation) at Interstate Park (Figure 3a). Transect locations were

selected to characterize the hydraulic and microhabitat conditions of each

channel. Five transects were established at Franconia (Figure 3b). This site

has relatively uniform hydraulic and microhabitat conditions and therefore

trar~sects were uniformly spaced one stream width apart through the study

reach.
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3.3 Field Measurements

Hydraulic and microhabitat data for use in PHABSIM were collected following

the guidelines established by Bovee (1982) and Trihey and Wegner (1981). The

standard application of PHABSIM modeling involves collecting stage—discharge

data (water surface elevations and corresponding discharges) at three flows

(low, medium, and high flows) and a complete velocity data set at one or more

of these flows. Our study design included collecting complete stage—discharge

and velocity data sets at three target flows: low (800 cfs), medium (1600

cfs), and high (3200 cfs). Target flows were in multiples of 800 cfs because

each of the eight turbines at the dam is capable of releasing 800 cfs at its

most efficient operational setting. Complete data sets were collected at both

study sites at the medium and high target flows. Flows were never low enough

to obtain a dam release of 800 cfs for a long enough time period to collect

field measurements. Consequently, PHABSIM modeling was based on two flows

rather than three as planned. All the hydraulic models available within

PHABSIM can be calibrated using two flows.

3.3.1 Transect Measurements

3.3.1.1 Water Surface Elevations and Streambed Profiles

Water surface elevations and streambed profiles were surveyed to the nearest

0.01 ft using differential leveling techniques (Bouchard and Moffitt 1965;

Brinker and Taylor 1963). Water surface elevations were measured near the

water’s edge along each transect at each target discharge. Permanent staff

gages, established at each study site, were monitored hourly to ensure that

water surface elevations were surveyed during steady flow. It took 8—10 hours

for flows to stabilize after the target dam releases were initiated. All

elevations at each study site were referenced to a common benchmark to allow

the use of the WSP hydraulic model for determining stage-discharge relations.
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Permanent headstakes were established at both ends of each transect above the

high water mark to serve as points of known elevations. A closed level loop

was used to establish headstake elevations. Closure error was within the

acceptable limits of third order accuracy as defined by the equation: maximum

closure error = 0.05(M)
0’5 where M = length of level loop in miles (Trihey and

Wegner 1981).

3 .3 . 1 .2 Microhabitat

Microhabitat data (substrate, velocity, and depth) were collected at verticals

along each transect. The number and location of verticals depended on

hydraulic and channel structure characteristics. Ten to twenty measurements

are recommended for determining velocity distributions and 20—30 for

calculating discharge (Trihey and Wegner 1981). Because the St. Croix is a

large river, measurements were taken at 50—100 verticals along each transect.

To ensure that habitat measurements were taken during steady flow, a temporary

staff gage established at each transect was read immediately prior to taking

and upon completing measurements along each transect.

Substrate was described according to the following size categories (diameter

in inches): silt (<0.0024), sand (>0.0024—0.125), gravel (>0.125—2.5), cobble

(>2.5—5.0), rubble (>5.0—10.0), small boulder (>10.0—20.0), large boulder

(>20.0—40.0), and bedrock (>40.0) (Aadland et. al 1991). The percent of the

area covered by each substrate type was visually estimated to the nearest 10

percent at each vertical.

Mean column velocity was measured at 0.6 of the depth in water less than 2.5

ft deep and at 0.2 and 0.8 of the depth in water 2.5 ft deep and deeper

(Buchanon and Somers 1969). Velocity was measured with Price AA and Pygmy

current meters equipped with digitizers which keep track of revolutions and

time and convert these to velocity in ft/s. Price AA meters were equipped with
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optic units. All meters were spin tested prior to each use. Water depth was

measured to the nearest 0.1 ft with a top setting wading rod.

Each transect was assigned a station index value and a weighting factor. A

station index value identified the distance from a particular transect to the

downstream—most transect and was measured between adjacent transects at

water’s edge along both banks. Station index values were used in conjunction

with streambed and water surface elevations to establish gradients. Weighting

factors described how far upstream and downstream the measurements (substrate,

velocity, and depth) taken along each transect were extended during computer

modeling.

3.4 Habitat Suitability Criteria

3.4.1 Mussels

Hornbach (1992a) examined the habitat characteristics of Q. fragosa and the

mussel community at Interstate Park during the summer of 1992. Mussel habitat—

use data collected during his study were used to develop habitat suitability

criteria. The following is a brief description of his sampling methodology.

Fifteen sampling sites were established in the east and main channels (Figure

4). At each site, all mussels (>0.5 mm diameter) within ten 0.25 m quadrats

were collected by divers using SCUBA. Mussels were identified to species and

counted. For each sample, mean column velocity was measured with a Marsh—

McBirney Model 201—D meter, and depth was measured with a oalibrated rod.

A total of 1174 mussels representing 29 species were collected in these 150

samples. Bovee (1986) recommends that habitat suitability criteria be

developed from a minimum of 150 observations. Because only 10 Q. fragosa were

collected, habitat suitability criteria could not be developed for this

species. Criteria were developed for overall mussel density and species
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richness so that habitat conditions associated with dense, diverse mussel

assemblages could be identified and modeled. Hornbach (1992a) reported that Q.

fragosa was found in “high quality” mussel habitat, habitat supporting overall

high mussel densities and species richness. Flows that provide usable habitat

for the mussel community should therefore provide usable habitat for Q.

fragosa.

Suitability values for dominant substrate were based on professional judgment

(Dr. Dan Hornbach, Macalaster College, St. Paul, personal communication).

Criteria describing the suitability of mean column velocity and depth were

developed for mussel density and species richness following the guidelines of

Bovee (1986). All depths were standardized to a dam release of 1600 cfs, the

minimum release during the period of mussel sampling. Habitat—use and

preference values for velocity and depth were calculated by 1) dividing each

habitat variable into intervals (e.g. velocity intervals were 0—10 cm/s. 10.1—

20 cm/s. 20.1—30 cm/s, etc.), 2) summing the number of samples taken within

each habitat interval (available habitat), 3) summing the number of mussels

collected within each habitat int’~rval (habitat—use for mussel density), 4)

summing the number of mussel species collected within each habitat interval

(habitat—use for species richness), and 5) dividing habitat—use for each

habitat interval by the available habitat for that interval (preference).

Preference values were expressed on a normalized scale from 0.0 to 1.0 by

dividing each preference value by the maximum preference value. A preference

value of 0.0 indicates the least preferred or least suitable habitat; a value

of 1.0 indicates the most preferred or most suitable habitat.

Nonlinear regression techniques in SYSTAT (Wilkinson 1988) were used to fit

preference curves to the observed preference values. Preference values were

plotted and examined to determine the most appropriate equation for describing

the preference function. Velocity preference curves were fit using the

generalized Poisson equation, and depth curves were fit using the natural
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growth equation.

3 .4 .2 Macroinvertebrates

Generalized curves were used to describe habitat suitability for

macroinvertebrates (Appendix B). Velocity and depth curves were cooperatively

developed by the U.S. Fish and Wildlife Service, the Wisconsin Department of

Natural Resources, Wisconsin Electric Power Company, the University of

Wisconsin—Stevens Point, and the University of Wisconsin—Madison. Substrate

criteria were developed by the MnDNRbased on the literature and professional

judgment.

3.4.3 Fishes

To address the instream flow needs of the fish community, a habitat guild

approach was used to select target species (Leonard and Orth 1988; Aadland

1993). This community-based approach recognizes that different fish species

and species life—stages use or require a wide range of habitat types (e.g.,

pools versus riffles) and consequently, can have significantly different

habitat—discharge relations. Furthermore, this approach recognizes that

certain habitat types are more sensitive to changes in flow than others. By

selecting target species and species life—stages occupying each habitat type,

especially flow—sensitive habitat types, the instream flow needs of the entire

fish community can be addressed. Target species appropriate to the St. Croix

River were selected from habitat guilds identified for warmwater and coolwater

stream fishes of Minnesota (Aadland et al. 1991; Aadland 1993) (Table 2).

Habitat suitability criteria for the selected target species were developed by

Aadland et al. (1991).
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3.4.4 Habitat Types

Aadland (1993) identified the following six habitat types for warmwater and

coolwater streams of Minnesota: slow riffle (<60 cm deep, 30—59 cm/s

velocity); fast riffle (<60 cm deep, >60 cm/s velocity); raceway (60—149 cm

deep, >30 cm/s velocity); shallow pool (<60 cm deep, <30 cm/s velocity);

medium pool (6D—149 cm deep, <30 cm/s velocity); and deep pool (=150 cm deep).

The availability of these habitat types was modeled to examine the relation

between habitat diversity and discharge for the Lower St. Croix River study

sites.

3.5 Physical Habitat Modeling

Hydraulic modeling was executed using a number of models (and model options)

available in PHABSIM (Milhous et al. 1981; Milhous et al. 1989). Field data

were collected such that any model or combination of models could be used as

needed. Output from various models and model combinations were compared to

determine which was most appropriate for specific locations. Hydraulic models

were developed separately for each of the four channels (east, navigation, and

main channels at Interstate Park and the channelat Franconia).

Hydraulic models were developed from field data collected at two calibration

flows: 1800 and 3400 cfs (which correspond to dam releases of 1600 and 3200

cfs). The safe range of simulated flows was determined by multiplying the

lowest measured calibration flow by 0.4 and the highest measured calibration

flow by 2.5 (Milhous et al. 1981). Although habitat conditions at a dam

release of 800 cfs were not measured, they could be safely simulated using the

hydraulic models for all channels except the east channel. At the low

calibration flow (1800 cfs in the main channel), there was 357 cfs flowing

through the east channel. Therefore, flows could be safely simulated down to

143 cfs (357 cfs * 0.4) in the east channel, corresponding to a discharge of
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about 1330 cfs in the main channel. The PHABSIM input files and range of

simulated flows f~r each site are provided in Appendix C.

The first step in hydraulic modeling was to develop a relation between stage

and discharge (i.e., predicting water surface elevations as a function of

discharge). Typically, MANSQwas used to predict the starting water surface

elevation at the downstream most transect and WSP was then used to predict

water surface elevations at upstream transects. The final predicted water

surface elevations for each transect at each simulated flow are provided in

Appendix C. Once the water surface elevation models were developed and

calibrated, velocity distributions were simulated using the derived stage—

discharge relations and the IFG4 model. This model predicts velocities based

on Manning’s equation. The velocity adjustment factors used in velocity

modeling are provided in Appendix D.

Results from hydraulic modeling were combined with habitat suitability

criteria in the HABTAE model to calculate weighted usable area (wua), an index

of available habitat, for: P, mussel density and species richness, 2)

macroinvertebrates, 3) fish, and 4) habitat types at each study site for each

simulated discharge. Weighted usable area was calculated as:

wua = ~ S A~

i =1

where: S~ = c6mposite suitability weighting factor,

= surface area of the cell, and

n = total number of cells within the simulated stream reach.

The composite suitability weighting factor, S, was calculated using the

multiplicative aggregation function S~ = S~ * *
5d where 5,,, 5,,, and 5d are

suitability criteria values (range 0.0-1.0) for substrate, velocity, and

depth.
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4.0 RESULTS

4.1 Mussel Habitat Suitability Criteria

The most suitable substrate for mussels was gravel, with the next smallest

(sand) and next largest (cobble) substrates highly suitable (Figure 5). Fine

(organic detritus and silt) and large (rubble to bedrock) substrates had low

suitability. Substrate data collected during PHABSIM transect measurements

indicate that suitable mussel substrate is abundant at Interstate Park and

Franconia: sand, gravel, or cobble was the dominant substrate in 94% of the

cells sampled.

Moderate velocities had the highest suitability values for mussel density,

peaking between 43 and 49 cm/s (Figure 6). There was no observed velocity

preference for species richness. Although areas with low and high velocities

supported low mussel densities, the number of species in these areas was

similar to areas with moderate velocities.

Mussels were generally absent at shallow depths (<50 cm) and abundant at

greater depths. Depth suitability for mussel density steadily increased from a

value of zero at zero depth to a value of one at the maximum depth sampled

(215 cm) (Figure 7). Suitability for species richness rose quickly from a

value of zero at zero depth up to a depth of about 75-100 cm and then leveled

off, reaching a value of one at a depth of 2.35 cm.

Q. fragosa was found in habitat supporting dense, diverse mussel assemblages.

The velocities and depths used by the 10 Q. fragosa located at Interstate park

in 1992 (Hornbach 1992a) and the nine Q. fragosa found in 1993 (Hornbach,

unpub. data) (Table 3) correspond to high suitability values for both mussel

density and species richness.
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4.2 Weighted Usable Area vs. Discharge Relations

4.2.1 Mussel Density and Species Richness

Habitat for mussel density was limited at low discharges for all four sites

(Figure 8) due to low velocities, shallow depths, and loss of wetted area. As

discharge increased, WUA increased as velocities and depths became more

suitable. The east channel and Franconia mussel density WUAs peaked at 6500

and 4750 cfs. Above these discharges, WUAs decreased as velocities became

unsuitably high. The navigation and main channel mussel density WUAs peaked at

the maximum discharge modeled (7000 cfs).

The species richness WUA vs. discharge relations (Figure 9) were driven solely

by the suitability of available depths since there was no observed relation

between species richness and velocity. Because the east channel was relatively

shallow at low discharges, WUA was also low. As discharge increased, WUA

increased rapidly as depths became more suitable (> 50 cm). A similar trend

was evident for the navigation channel. Most depths in the main channel at

Interstate Park and Franconia were suitable (> 50 cm), even at low discharges;

consequently, there was similar habitat area at all discharges.

The availability of mussel habitat at dam releases of 1600 cfs (minimum summer

dam release) and 800 cfs (minimum winter dam release) is of major concern. The

WUAs at 1600 cfs were based on habitat data collected at 1600 cfs so they

should reflect the availability of mussel habitat at this discharge. The WUAs

at 800 cfs were based on modeling simulations so it is unknown how closely

they reflect the availability of mussel habitat at this discharge. It seems

reasonable, however, that WUAs would decline as flows drop from 1600 cfs to

800 cfs, as the models predict, given that available depths and velocities

become increasingly unsuitable as mussel habitat as flows drop. The large and

rapid loss of mussel habitat that the models predict, especially in the east
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( channel, as flows drop below 1600 cfs is strongly supported by visual

observations at 800 cfs. At 1600 cfs, about 350 cfs was flowing through the

east channel and a relatively small portion of the stream channel was

dewatered. At 800 cfs, very little water was flowing through the east channel,

large areas were dewatered, and the wetted area was almost entirely shallow,

pooled water with little or no velocity. These conditions provide highly

unsuitable habitat for mussels as the models suggest. As previously noted, 800

cfs was within the safe range of modeling simulations for all channels except

the east channel. Although the east channel could only be safely modeled down

to 1330 cfs, visual observations indicate that the availability of mussel

habitat declines rapidly as flows drop below 1330 cfs with little available

habitat at 800 cfs.

4.2.2 Macroinvertebrates

Macroinvertebrate habitat was much more abundant in the east channel than in

the other three channels (Figures lOa and lOb) due to the availability of

moderate depths (30-90 cm) associated with moderate to high velocities (>45

cm/s). At low flows, however, invertebrate habitat was extremely limited in

the east channel because of shallow depths, low velocities, and loss of wetted

area. As discharge increased, invertebrate WUA increased rapidly as depths and

velocities becamemore suitable, leveling off at about 3000 cfs and peaking at

5000 cfs. ‘The WUA vs. discharge relations for the navigation and main channels

were similar to each other with invertebrate habitat most abundant at low to

moderate flows (1000—3000 cfs), and most limited at high flows. Invertebrate

habitat was scarce at Franconia at all flows due to high average depths.

4.2.3 Fishes

Habitat was limited at low flows for most fishes in the east channel except

for sand shiner young—of—year, a shallow pool species (Figures lla and llb).
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Habitat was abundant at high flows for raceway and deep pool species e.g.,

shorthead redhorse adult and channel catfish adult. Habitat for riffle species

(central stoneroller adult and slenderhead darter adult) was most abundant at

moderate flows. Flows between 2000 and 3500 cfs provided the best habitat

conditions for the fish community in the east channel.

Similar trends were evident for the other three study channels in that habitat

was typically abundant for shallow pool species at low flows and abundant for

deep pool and raceway species at high flows (Figures 12a, 12b, 13a, 13b, 14a,

and 14b). There was little or no habitat for riffle species in these channels

at any flow. Moderate flows (1600—3000 cfs) provided the best oVerall habitat

conditions for the fish communities in these three channels.

4.2.4 Habitat Types

The diversity of habitat types was generally limited at low and high flows,

with intermediate flows providing the greatest diversity. The east channel

consisted almost entirely of shallow pool habitat at low flows and raceway

habitat at high flows (Figures 15a and lSb). Habitat diversity in the east

channel was highest at flows between 3000 and 4000 cfs. The navigation channel

had a diverse mix of habitat types at low to moderate flows and was primarily

deep pool habitat at high flows (Figures 16a and 16b). The main channel was

primarily ‘shallow pool and medium pool habitat at low flows and deep pool

habitat at high flows (Figures 17a and 17b). Flows between 2000 and 3000 cfs

provided the highest habitat diversity in the main channel. Franconia was

entirely pool habitat at low discharges (mostly medium pool although shallow

and deep pool habitat were also abundant) and almost entirely deep pool

habitat at high flows (Figures 18a and 18b). Flows between 2000 to 3000 cfs

provided the highest habitat diversity at Franconia. Riffle habitat was absent

in the main channel at Interstate Park and at Franconia.
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5.0 DISCUSSION

Freshwater mussels are the most jeopardized faunal group in North America: 213

of 297 native taxa are considered endangered, threatened, or of special

concern (Williams et al. 1993). The dramatic decline in mussel distribution,

abundance, and diversity has been primarily attributed to degradation of

stream habitat (Bates 1962; Isom 1969; Fuller 1974; Miller et al. 1984;

McMahon 1991; Layzer et al. 1993; Williams et al. 1993). The regulation of

streanif low has adversely impacted stream habitat and consequently, the fish

and macroinvertebrate communities found within streams, by altering substrate,

velocity, and depth conditions (Ward 1976; Covich et al. 1978; Williams and

Winget 1979; Cushman 1985; Bain et al. 1988). These flow—dependent habitat

features are important determinants of mussel distribution and abundance

(Salmon and Green 1983; Neves and Widlak 1987; Way et al. 1990; McMahon 1991;

Strayer and Ralley 1993).

Discharge in the Lower St. Croix River is regulated by a hydroelectric peaking

dais at St. Croix Falls, WI. During peaking operations, discharge rapidly

fluctuates daily between low impounding flows (e.g., 800 of 5) and high

generation flows (e.g., 6400 cfs). Habitat conditions downstream of the dam

are constantly changing between slow, shallow water habitat during impounding

flows and fast, deep water habitat during generation flows. The availability

of suitable habitat for mussels under this flow regime largely depends on

their habitat preferences.

5.1 Mussel Habitat Preferences

5.1.1 Substrate

Due to their benthic mode of existence, mussels are intimately associated with

the substrate. Hornbach (1991, 1992a, 1992b) reported that substrate was an
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important factor influencing the distribution and abundance of mussels in the

Lower St. Croix River. Most mussels at Interstate Park and Franconia were

found in coarse substrate, primarily gravel, with fine (e.g., silt) and large

(e.g., boulder) substrates supporting few mussels. Similar substrate

preferences have previously been noted for mussels in the St. Croix River

(Stern 1983; Doolittle 1988). Miller (unpub. data) found 8 live and 12 dead Q.

fragosa in sand/gravel substrate during a 1991 mussel survey at Folsum Island.

Substrate preferences of mussels in the Otter Tail, Clearwater, and Kettle

rivers of Minnesota (MnDNR, unpub. data) are similar to those described here

for mussels in the Lower St. Croix River. Other studies have also reported

that mussel densities are typically highest in coarse substrates and lowest in

silt substrates (Salmon and Green 1983; Stern 1983; Cooper 1984; Way et al.

1990).

The Lower St. Croix River at Interstate Park and Franconia provides excellent

substrate conditions for mussels. This observation may in part account for the

high mussel densities and species richness found in this river. Although

substrate conditions do not appear to limit mussel populations at Interstate

Park or Franconia, mussel density and species richness varied considerably in

areas with suitable substrate conditions, suggesting that other habitat

features, such as velocity or depth, are influencing mussel distribution.

5.1.2 Velocity

Velocity has been identified as an important factor influencing mussel

populations (Cvancara 1966; Neves and Widlak 1987). Hornbach (1992a) found a

significant relation between mean column velocity and mussel density at

Interstate Park: areas with low velocities (<20 cm/s) and high velocities (>65

cm/s) supported low mussel densities while areas with moderate velocities

supported high mussel densities. Hornbach (1991) concluded that, in addition

to substrate type and food availability, velocity was an important factor
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influencing the mussel assemblage at Franconia. The MnDNR (unpub. data) and

other researchers (Cvancara 1966; Neves and. Widlak 1987; Strayer and Ralley

1993) have documented that mussel densities are typically highest in areas

with moderate to high velocities.

Low velocities may be unsuitable for mussels due to reduced food supplies and

increased difficulty etracting food, soluable mineral matter, and dissolved

oxygen from the water (Cvancara 1966). Low velocities may also be unsuitable

due to silt deposition (Salmon -and Green 1983; Stern 1983; Lewis and Riebel

1984; Way et al. 1990). Reduced velocities and subsequent silt deposition,

resulting from damming and impounding free—flowing rivers, has played a major

role in the extirpation of numerous species from large river systems across

North America (Isom 1969; Duncan and Theil 1983; Stern 1983; McMahon 1991;

Parmalee and Klippel 1984; Starnes and Bogan 1988).

5.1.3 Depth

Recent studies suggest depth plays an important role in structuring mussel

assemblages. At Interstate Park, Hornbach (1992a) found strong positive

relations between depth and both mussel density and species richness: shallow

areas (<50 cm) supported few mussels and consequently, few species, while

deeper areas supported high mussel densities and high species richness.

Hornbach concluded that depth is a major factor structuring the mussel

com.’nunity at Interstate Park. Similarly, the MnDNR (unpub. data) found very

few mussels in shallow areas of the Otter Tail, Kettle., and Clearwater rivers,

even in stream reaches with dense mussel beds and suitable substrate and

velocity conditions. Strayer and Ralley (1993) and Zeto et al. (1987) reported

that shallow, shoreline areas supported lower mussel densities than deeper

areas.

In an experimental migration study, Isley (1913) found that most Quadrula spp.
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placed in shallow water (e.g., one foot deep) moved into water two to three

feet deep while those individuals placed in water over 3 feet deep remained

stationary. Isley concluded that sufficient water depth is an essential

component of quality mussel habitat. We observed considerable movement~of

mussels in response to a rapid, human—induced drop in discharge (from about

300 cfs down to 7 cfs in a matter of hours) on the Otter Tail River in west—

central Minnesota. Mussels in dewatered areas, as well as in shallow, pooled

areas, showed considerable movement, mostly in the direction of deeper water.

Little movement was noted for mussels in deep thalweg areas which remained

relatively deep during the low flow period.

Mussels may be absent from shallow areas due to increased incidence of

predation, thermal stress, ice abrasion and scouring in winter, or exposure

during low flows (Strayer 1983; Libois and Hallet—Libois 1987; McMahon 1991).

Mussels in shallow areas are more accessible to predators and likely suffer

higher mortality from predation than mussels in deep water (McMahon 1991).

Muskrats (Ondatra zibethicus) and other mammalian predators have the potential

to significantly reduce densities a~d recruitment and effect size and age

distributions of mussel populations (Fuller 1974; Convey et al. 1989; Hanson

et al. 1989; McMahon 1991). Neves and Odom (1989) reported that muskrat

predation was likely inhibiting the recovery of endangered mussel species in

the upper Tennessee River drainage in Virginia. The shoreline at Interstate

Park is replete with large midden piles, indicating high rates of predation.

Ice abrasion and scouring in winter may also prevent mussels from inhabiting

shallow areas. Miller (in litt 1991) observed that the layer of ice which

covered the east channel during the winter of 1991 rose and fell as flows

increased and decreased. During low flows, the ice laid directly on the stream

bed, scouring and abrading the substrate as it shifted. Miller also noted that

substrate froze into the underside of the ice layer. t is likely that mussels

in shallow areas would also be scoured, abraded by and frozen into the ice

20



layer.

Mortality from predation, thermal stress, and ice abrasion would likely

increase in shallow areas dewatered during low flows. In addition, desiccation

can lead to high mortality of mussels exposed during periods of low flow

(Fisher and LaVoy 1972; Fuller 1974; Strayer 1983; Miller et al. 1984).

5.2 Habitat-Discharge Relations

5.2.1 Mussels

Results from tnis study suggest the availability of mussel habitat in the

Lower St. Croix River is strongly influenced by discharge. Mussel habitat is

limited at low flows due to large areas of exposed substrate and reduced

depths and velocities. Much of the east channel at Interstate Park is

dewatered during the impounding stage of winter peaking operations when 800

cfs is being released from the dam. At this low discharge, little water flows

through this channel and its wetted area consists of shallow, pooled water.

Large areas of shoreline along the main channel are also dewatered at 800 cfs,

including a large gravel bar that extends out into the main channel above the

boat landing at Interstate Park, MN.

Dewatering of shallow areas during low flows may explain why these shallow

areas supported low mussel densities. Of the 150 quadrat samples taken by

Hornbach (1992a) at Interstate Park, only 16 contained no live mussels.

Fifteen of these 16 samples were in areas that are dewatered (or nearly

dewatered) at 800 cfs, based on known water surface elevations at 1600 cfs and

predicted water surface elevations and visual observations at 800 cfs. During

a dam release of 800 cfs, we observed no mussels in dewatered areas of the

east channel. Miller (unpub. data) noted that the Q. fragosa found during a

~99l mussel survey at Folsum Island were in areas that remained inundated
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during low flows. As discussed, mussels in dewatered areas or in very shallow

water during winter likely suffer high mortality from desiccation~ predation,

exposure to below freezing air temperatures, or ice scouring and abrasion.

Other researchers have also noted that regulation of streamf low can adversely

impact mussel populations by altering habitat conditions (Tudorancea 1972;

Miller et al. 1984; Libois and Hallet—Libois 1987; McMahon 1991; Williams et

al. 1993). Below a hydropeaking dam on the Connecticut River, shallow areas

that were dewatered daily by dam operations had dramatically lower unionid

mussel densities than did deeper areas that were not dewatered (Fisher and

LaVoy 1972). They concluded that unionid mussels were intolerant to exposure.

Layzer et al. (1993) noted that mussels were extirpated from a 7.5 mile

stretch of river below a hydropeaking dam on the Caney Fork River, a major

tributary of the Cumberland River, TN. They reported that fluctuating flows

affected the hydraulics (e.g., areas of streambed were dewatered and

velocities and depths were reduced by impounding flows) of this 7.5 mile

reach. They further reported that the stream channel recovered from these

hydraulic effects about 8 miles below the dam and this coincided with the area

where they first found live mussels.

Short—term, infrequent dewatering can also adversely impact mussel

populations. During the summer of 1992, we observed high mortality of mussels

in riffle~ of the Otter Tail River (west—central MN) dewatered when flows were

dramatically reduced at Orwell Dam, located about 1—2 miles upstream of the

riffles. Flows were reduced during daylight hours and rest~red at night over a

several day period. Mortality of mussels resu2.ted from desiccation, therma3

stress (high temperatures), and predation. No live mussels were found in these

riffles one year after this flow reduction had occurred (MnDNR, unpub. data).

The only live mussels were found in deep thalweg areas which were not

dewatered during the flow reduction.
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5 .2.2 Macroinvertebrates

Previous studies have demonstrated that the structure of macroinvertebrate

communities is intimately tied to habitat cor.ditions and flow patterns (Hynes

1970; Ward 1976; Gore 1978; Gore and Judy 1981; Orth and Maughan 1983; Ward

1992). Most of the macroinvertebrate habitat at the St. Croix River study

sites was in the east channel at Interstate Park. Of the four channels

examined, the east channel is most affected by peaking flows, with large areas

of the stream channel dewatered and depths and velocities drastically reduced

during impounding flows. Peaking flows have been associated with adverse

impacts on macroinvertebrate communities, including reduced density,

diversity, and productivity (Fisher and LaVoy 1972; Abbott and Morgan 1975;

Ward 1976; Williams and Winget 1979; Hauer and Stanford 1982; Cushman 1985).

Weisberg et al. (1990) compared macroinvertebrate densities downstream from a

hydroelectric dam on the Susquehanna River, Maryland, before, during, and

after a minimum flow was implemented at the dam. They reported almost a 100—

fold increase in invertebrats density when the minimum flow was maintained.

After the minimum flow was no longer maintained (when shutdowns occurred at

the dam), invertebrate density declined by more.than three orders of

magnitude. Declines were greatest in areas dewatered during shutdowns but

submerged when the minimum flow was being released.

Highest macroinvertebrate densities and biomass are typically found along the

margins of large streams due to the availability of preferred habitat (Hynes

1970). Dewatering of stream margi.ns and reduced velocities and depths

resulting from peaking operations have been shown to reduce macroinvertebrate

density, biomass, and species richness in these areas (Radford and Hartlan—

Rowe 1971; Fisher and LaVoy 1972; Brusven et al. 1974; Trotzky and Gregory

1974; Brusven and Trihey 1978; Langdon and Fiske 1987). Gislason (1985)

reported that a reduction in the amplitude and duration of peaking
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fluctuations greatly enhanced macroinvertebrate densities along the stream

margin which, under peaking flows, supported low macroinvertebrate densities.

Adverse impacts on macroinvertebrate communities from peaking flows have

resulted from stranding and desiccation (Fisher and LaVoy 1972; Kroger 1973;

Brusven et al. 1974; Ward 1976; Langdon and Fiske 1987; Weisberg et al. 1990),

increased drift rates and decreased recolonization rates (Minshall and Winger

1968; Pearson and Franklin 1968; Brusven and MacPhee 1976; Ciborowski et al.

1977; Gore 1977; Gersich and Brusven 1981; Beckett and Miller 1982; Irvine

1985), reduced food supplies (Powell 1958; Radford and Hartland—Rowe 1971;

Ward and Short 1978; Hauer and Stanford 1982; Matter et al. 1983), increased

predation rates (Cushman 1985), or low dissolved oxygen (Gislason 1985). These

studies and our habitat analyses suggest that peaking flows, with a minimum

winter release of 800 cfs, could be adversely impacting the macroinvertebrate

community in the east channel, as well as in other areas below the dam.

5.2.3 Fishes

The fishes in the Lower St. Croix River exhibited a broad range of habitat—

discharge relations. Low flows favored shallow pool species, high flows

favored raceway and deep pool species, and moderate flows provided the best

habitat conditions for the fish community as a whole. Previous investigators

have reported similar habitat—discharge relations for .fishes occupying these

habitat types (Schiosser 1982a, 1985; Leonard and Orth 1988; Aadland 1993).

During peaking operations, habitat conditions for the fish community in the

Lower St. Croix River rapidly fluctuates between low and high flow extremes.

Numerous authors have reported that fluctuating flows adversely impacts fish

communities by reducing fish densities, diversity, and productivity (Powell

1958; Trotzky and Gregory 1974; Becker et al. 1981; Cushman 1985; Langdon and

Fiske 1987), particularly in shallow stream margins, which typically support
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an abundant and diverse fish assemblage (Bain et al. 1988; Reed 1989). These

adverse impacts resulted from 1) stranding and desiccation, 2) reduced

recruitment from egg desiccation, loss of nursery habitat, and downstream

displacement of eggs and fry, 3) increased mortality from predation, thermal

stress, and low dissolved oxygen in shallow, isolated pools, 4) downstream

displacement of small fish, and 5) reduced food supply. These studies and our

habitat analyses suggest that peaking flows, with a minimum winter release of

800 cfs, could be adversely impacting the fish community in the Lower St.

Croix River below the NSP dam. We, and others (David Heath, Wisconsin

Department of Natural Resources, personal communication), have observed

mortality of fishes stranded in dewatered areas and in small, isolated pools

in the east channel at 800 cfs. Mortality resulted from desiccation and

freezing.

Healthy fish populations are needed to maintain healthy mussel populations:

mussels require fish hosts to complete their reproductive cycle. Declines in

appropriate fish host populations have been implicated in the extirpation of

mussel species from river systems (Davenpzrt and Warmuth 1965; Fuller 1974;

Kat 1984; Smith 1985a and 198Th; McMahon 1991). Conversely, the restoration of

fish host populations has led to the restoration of endangered mussel

populations (Smith 1985b; McMahon 1991). The fish host(s) of Q. fragosa is

unknown, as are the hosts of many of the mussel species in the Lower St. Croix

River. Therefore, to ensure that appropriate fish host populations exist to

maintain the diverse mussel community, instream flows needed to protect the

diversity of the fish community in the Lower St. Croix River need to be

considered in the management of the mussel community.

5.2.4 Habitat Types

Habitat diversity is an important factor governing the number of fish species

found in warmwater streams (Gorman and Karr 1978; Schlosser 1982a). Habitat
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diversity may also influence the diversity of invertebrate species, including

mussels, inhabiting streams (Ward 1976). Habitat diversity is typically

maximized at intermediate flows and minimized at low and high flows (Kraft

1972; EA Engineering, Science, and Technology 1986; Leonard and Orth 1988;

Aadland 1993). These relations between discharge and habitat diversity were

evident at the Lower St. Croix River study sites.

Riffles are biologically important and productive habitats: they typically

support high, and often the highest, densities and diversity of fishes and

invertebrates, including mussels, in warmwater streams (Hynes 1970; Ward 1976;

Gore 1978; Schlosser 1982a; Orth and Maughan 1983; Neves and Widlak 1987;

Leonard and Orth 1988; Lobb and Orth 1991; Aadland 1993). Riffle habitat is

very sensitive to changes in flow, being scarce or absent at both low and high

flows (Curtis 1959; Kraft 1972; Schiosser 1985; Leonard and Orth 1988; Aadland

1993). Widely fluctuating flows have been associated with reduced productivity

of riffles (Briggs 1948; Neel 1963; Abbott and Morgan 1975; Cushman 1985) and

consequently, the productivity of the stream community. Riffle habitat was

limited at the Lower St. Croix River stz~dy sites with most of it found in the

east channel. It is likely that peaking flows, which dewater much of the east

channel during impounding flows, are limiting the productivity of this riffle

and of the river as a whole.

5.3 Flow Recommendations

Based on the hydrology of the Lower St. Croix River, the relatiorks between

habitat availability and discharoe, and the imgacts of peaking flows, a run

—

of—river flow regime is recommended to protect and restore the habitat of 0

.

fra~osa and to protect the integrity of the aguatic community in the Lower St

.

Croix River downstream of the hydroelectric dam at St. Croix Falls, WI

.

Flows in the Lower St. Croix typically exceed 5000 cfs during spring. Given
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that the turbine capacity at the dam is 6400 cfs, little or no peaking

probably takes place in spring. Flows range between 2000 and 4000 cfs

throughout the rest of year, during which time peaking operations can be

expected. Low flows of 800 cfs, which rarely occur naturally (see 5.3.1), can

occur daily during winter peaking operations.

Mussel habitat is limited in all four channels, especially the east channel,

at 800 cfs due to loss of wetted area and reduced velocities and depths.

Habitat for other invertebrates and fishes is also limited at 800 cfs, as is

habitat diversity. Flows between 2000 and 4000 cfs provide good habitat

conditions for mussels in all channels. This range of flows also provides good

habitat conditions for the macroinvertebrate and fish communities, as well as

providing a diversity of habitat types. During peaking operations, flows are

often either below 2000 cfs (impounding flows) or above 4000 cfs (generation

flows)(Figures 2b, 2c), consequently, flows between 2000 and 4000 cfs occur

for only short periods of time as flows are rapidly rising or dropping.

Not only are low flows of concern, but also the rapid fluctuations between low

and high flows. Stream biota have adapted to, and often require, seasonal

fluctuations in flow. Daily fluctuations in flow from peaking operations

typically exceed even the most extreme natural seasonal fluctuations,

especially low flow extremes (see 5.3.1). These fluctuations are rapid,

unpredictable, and can occur daily throughout much of the year. Stream biota

are not adapted to this unnatural flow regime and may not be able to adjust to

the constantly changing habitat conditions. In the east channel, large areas

of the streambed are alternately dewatered and inundated on a daily basis.

Even when inundated, this “intertidal zone” is unusable habitat for many

aquatic organisms, especially relatively sessile animals like mussels and

other macroinvertebrates which can not move with the rapidly receding and

advancing water.
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The distribution of mussels at Interstate Park appears to be restricted to

areas that are not dewatered at 800 cfs. As previously mentioned, of the 150

quadrat samples taken by Hornbach (1992a) at Interstate Park, only 16

contained no live mussels. Fifteen of these 16 samples were in areas that are

dewatered (or nearly dewatered) at 800 cfs. While some streambed and shoreline

areas are dewatered at 1600 cfs, most of the dewatering occurs as flows drop

below 1600 cfs. Large areas of the streambed are dewatered at 800 cfs,

especially in the east channel. Given that natural flows of 1600 cfs or less

occur infrequently (see 5.3.1), the magnitude and frequency of dewatering

would be greatly reduced and consequently, the amount of usable mussel habitat

and habitat for other aquatic organisms would be greatly enhanced, under a

run—of—river flow regime as compared to the current peaking flow regime.

5.3.1 Recommended Flows in Relation to Peaking Flows

An important step in this instream flow assessment is to compare habitat

conditions under the recommended flow regime (run—of—river) to habitat

cQnditions under the existing flow regime (peaking). Results from this study

support NSP’s position (Lloyd D. Everhart, NSP, memo dated March 24, 1994)

that habitat conditions during low flows are critical in limiting the

distribution of mussels to wetted areas of the stream channel downstream of

the darn. The central question is whether natural low flows restrict usable

mussel habitat to the same extent as low flows resulting from peaking

operations. To address this question, the magnitude and frequency of low flows

under both flow conditions were compared.

The minimum flow of 800 cfs during winter peaking operations occurs part of

each day (usually at night), with flows much higher (several thousand cfs)

occurring the rest of the day. Since 1902, mean daily flows of 800 cfs or less

have occurred 306 times over a period of 31,513 days. It appears that all but

a few of these 800 cfs days were not naturally occurring, but rather, were due
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to dam operations: nearly all of the 800 cfs days occurred on a Sunday and

flows the week prior to and the week after the 800 cfs day were almost always

much higher than 800 cfs (typically > 1600 cfs) (Appendix E). This pattern

also included numerous low flows on Sunday that were higher than 800 cfs

(e.g., 1000—1600 cfs) but still much lower than flows the preceding and

following weeks. It seems that these Sunday shutdowns ceased in 1951: only one

800 cfs day has occurred since 1951 (February 5, 1963). Here again, this low

flow was probably due to dam operations in that flows the week before and the

week after averaged 1423 and 1542 cfs. The only period when 800 cfs appears to

have occurred naturally was during July and August of 1934.

Because most of the lowest flows on record were due to dam operations, and do

not reflect natural low flow events, exceedance values based on mean daily

flows need to be interpreted cautiously. For example, the annual 90%

exceedance flow is 1540. This means 10% of the mean daily flows over the

period of record have been less than 1540 cfs. Many of these low flows,

however, would have been higher than 1540 if it weren’t for dam operations,

resulting in a higher annual 90% exceedance flow. Mean monthly flows may

provide a better picture of the magnitude and frequency of natural low flow

events by averaging the effect of dam operations. Mean monthly flows over the

period of record (1039 months) have never dropped below 800 cfs and have been

below 1000 cfs only twice (August of 1933 and 1934). Most months with mean

flows below 1600 cfs, the minimum flow during summer peaking operations,

occurred during the 1920’s and 1930’s (Appendix F). Since the drought of 1976—

7, only one month (July 1988, also a drought period) has had a mean flow of

less than 1600 cfs.

Without question, the magnitude and frequency of low flows are much greater

under the current peaking flow regime (i.e., low flows are much lower and

occur much more frequently) than under the recommended run-of-river flow

regime. Daily low flows dur.no w~n:er peaking operations subject mussels and
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other aquatic organisms to extreme habitat conditions, conditions associated

with the most severe drought that has occurred during the 90 year period of

record and one of the most severe drought periods in U.S. history (the dust

bowl era of the 1930’s). Daily low flows during summer peaking operations also

subject organisms to drought conditions, similar to conditions which occurred

during the drought of 1976. It is apparent that usable mussel habitat is much

more restricted under the current peaking flow regime, especially during

winter, than under the recommended run-of—river flow regime.

Severe droughts may temporarily impact the aquatic community in the Lower St.

Croix River but, because they occur infrequently, may have little long—term

impact on the integrity of the aquatic community. It is doubtful, however,

that the aquatic community can continue to endure severe drought conditions on

a sustained basis without suffering irreparable damage.

6.0 NATIoNAL WILD AND SCENIC RIVERS ACT AND ENDANGEREDSPECIES ACT

Two federal acts need to be considered when discussing the instream flow needs

of Q. fragosa and the aquatic community of the Lower St. Croix River: the

National Wild and Scenic Rivers Act (NWSRA) of 1968 and the Endangered Species

Act (ESA) of 1973. The Lower St. Croix River was designated a National Scenic

Riverway in 1972. The stated purpose of the NWSRAis to protect and preserve

the “free—flowing condition” of certain rivers which possess “outstandingly

remarkable” values. An outstanding value of the Lower St. Croix River is the

biodiversity of its aquatic communities. Indeed, the St. Croix River is the

most biologically diverse National Park unit of the Midwest region (St. Croix

River Zebra Mussel Joint Task Force 1993). A major component of this

biodiversity is the mussel assemblage, one of most diverse assemblages in the

Upper Midwest. Loss of mussel biodiversity in the Lower St. Croix River is a

real threat: nearly one third of the mussel species located below the NSP dam

are considered endangered, threatened, or of special concern by the states of
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Wisconsin and Minnesota. Most notably, the nterstate Park area is home to the

only known global population of Q. fragosa, classified as a federally

endangered species under the ESA. The stated purpose of the ESA is to prevent

anthropogenic extinction of species by protecting the habitat and ecosystem

upon which endangered and threatened species depend. Results from this study

suggest that eliminating the current peaking flow regime of the Lower St.

Croix River and restoring a “free—flowing condition” would protect and restore

the habitat of Q. fragosa and the ecosystem upon which this species depends.
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Table 1. Monthly exceedance values for discharges of 800 cfs and 1600 cfs
for the Lower St. Croix River at St. Croix Falls, WI. Exceedance values were
based on mean daily flows. Discharge data taken from USGS gage no. 5340500 for
the period 1902 to 1993.

Jan Feb Mar Apr ~y Jun Jul ~fl Sep Oct Nov Dec

800 cfs 98 98 99 100 100 100 100 99 100 100 99 98

1600 cfs 77 76 91 99 99 96 86 80 85 91 90 81
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Table 2. Species, life stages, and habitat guilds of target fish used in
modeling fish habitat in the Lower St. Croix River, MN and WI. Life stages
are spawning (5), young of the year (Y), fingerling (F), juvenile (J), and
adult (A). Species codes are used in Figures lla through 14b.

Common Name

Hornyhead chub

Scientific Name Life

Nocomis biguttatus

Stage

S

Species Code Habitat Guild

HHCS shallow pool
Smalimouth bass Jlicropterus dolomieu F SMBF shallow pool
Sand shiner Notrop.z.s stramineus Y SDSY shallow pool
Channel catfish Ictalurus punctatus J CCFJ medium pool
Channel catfish Ictalurus punctatus A CCFA deep pool
Central stoneroller Campostoma anornalum A CSRA slow riffle
Slenderhead darter Percina phoxocephala A SHDA fast riffle
Shorthead redhorse Moxostoma macrolepidotumn A SHRA raceway
Smallinouth bass Micropterus dolom.ieu J SMBJ raceway
Smallinouth bass Micropterus dolomieu A SMBA raceway
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Table 3. Mean velocity and depth used by Q. frago.sa collected in 1992
(Hornbach 1992a) and 1993 (Hornbach, unpub. data) at Interstate State Park,
Lower St. Croix River, MN and WI.

Number of
Mean Range 0. fraposa

Mean column
velocity (cm/s) 41 16—66 14

Depth (cm) 95 42—190 19
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Island

Interstate State

Park, MN

Franconia, MN

St. Croix Falls. WI

Interstate State
Park, WI

Figure 1. Lower St. Croix River study area. PHABSIM Study sites were established at
Interstate State Park, MN and WI (about 1.5 miles below the NSP dam) and at Franconia, MN
(about 4 miles below the NSP dam).
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Figure 2a. Mean daily discharge for the Lower St. Croix River at St. Croix
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gage no. 5340500.
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Figure 2b. Discharge at 15 minute intervals during August 1993 for the
Lower St. Croix River at St. Croix Falls, WI. Circles represent mean discharge
for each day Discharge data taken from USGSgage no. 5340500.
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Figure 2c. Discharge at 15 minute intervals during December 1993 for the
Lower St. Croix River at St. Croix Falls, WI. Circles represent mean discharge
for each day Discharge data taken from USGS gage no. 5340500.
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Figure 2d. Annual flow-duration curve for the Lower St. Croix River at St.

Croix Falls, WI. Discharge data taken from USGS gage no. 5340500 for the
period 1902 to 1993..
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Figure 3b. Franconia PHABSIM study site. Dashed bnes represent
transect locations.

MINNESOTA

BOAT RAMP

MAiN EAST
~“4-FLOW I

N

I I I
I I I MAIN
I I I

FRANCONIA

BOAT RAMP N
U

CLOSE

SLOUGH

500 ft

46



INTERSTATE STATE PARK

BOAT RAMP

.~-FLOW 0
0

500 ft WISCONSIN

Figure 4. Mussel habitat-use sampling locations (circles) from Hornbach (1992).
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Figure 5. Dominant substrate preference of mussels at Interstate State Park,

Lower St. Croix River, MN and WI.
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Croix River MN and WI. Suitability values based on mussel density (number
of samples = 150, number of individuals = 1174).

80

48



1.0

0.9

0.8

07

~ 0.6

< 05
H

~0.4

0.3

0.2

0.1

0.0
225

Figure 7. Depth preferences of mussels at Interstate State Park, Lower St.
Croix River, MN and WI. Suitability values based on mussel density and species
richness (number of samples = 150, number of individuals = 1174).
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Figure 1 Ia. Relations between weighted usable area (WUA) for fish and
discharge in the east channel at Interstate State Park, Lower St. Croix River,
MN and Wi.
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Figure 11 b. Relations between normalized weighted usable area (WUA) for
fish and discharge in the east channel at Interstate State Park, Lower St. Croix
River, MN and WI.
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in the navigation channel at Interstate State Park. Lower St. Croix River, MN and WI.
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Figure 13a. Relations between weighted usable area (WUA) for fish and discharge

in the main channel at Interstate State Park, Lower St. Croix River, MN and WI.

Figure 13b. Relations between normalized weighted usable area (WUA) for fish
and discharge in the main channel at Interstate State Park, Lower St. Croix River,
MN and WI.
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types and discharge in the east channel at Interstate State Park, Lower St.
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Figure 17a. Relations between weighted usable area (WUA) for habitat types
and discharge in the main channel at Interstate State Park, Lower St. Croix
River, MN and WI.
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Figure 17b. Relations between normalized weighted usable area (WUA) for
habitat types and discharge in the main channel at Interstate State Park,
Lower St. Croix River, MN and WI.
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Figure 18a. Relations between weighted usable area (WUA) for habitat types
and discharge at Franconia, MN, Lower St. Croix River
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Appendix A. Discharge in the east and navigation channels in relation to discharge in the main channel
(total discharge) at Interstate State Park. Lower St. Croix River. MN and WI. Discharges in the east and
navigation channels were predicted using a regression equation developed from measured (observed values)
discharges in the main and east channels.

Observed values
Total Q East Q

1000
1824
3356

10
357

1400

Regression Output:
Constant
Std Err of V Est
R squared
No. of Observations
Degrees of Freedom

X Coefficient(s)
Std Err of Coef.

-650.027
111.9399

0.98803
3
1

0.601469
0.066204

Regression equation

East Q=Total Q(.601469)-650.027

MAIN
CHANNEL Q

725
800

1000
1200
1330
1400
1496
1600
1800
2000
2200
2400
2600
2800
3000
3200
3400
3600
3800
4000
4250
4500
4750
5000
5250
5500
5750
6000
6250
6500
6750
7000

EAST
CHANNEL 0

0
0

10
72

150
192
250
312
433
553
673
793
914

1034
1154
1275
1395
1515
1636
1756
1906
2057
2207
2357
2508
2658
2808
2959
3109
3260
3410
3560

NAVIGATION
CHANNEL 0

725
800
990

1128
1180
1208
1246
1288
1367
1447
1527
1607
1686
1766
1846
1925
2005
2085
2164
2244
2344
2443
2543
2643
2742
2842
2942
3041
3141
3240
3340
3440

60



Appendix B. Macroinvertebrate habitat suitability criteria.

Substrate Suitability ~ Suitability
organic 0 0
detritus 0 0.2 0

2.5
silt 0 5

10
sand 0.1 100

1

1

0.5

gravel

cobble

rubble

small

boulder

large

boulder

bedrock

0.05
0.02

0

Deoth itt) Suitability
0 0

0.25 0
1 1

5 0.1
10 0.04

100 0

0.1

0.1

0
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Appendix Cl. PHABSIM input file for the east channel at Interstate State
Park, Lower St. Croix River. File includes range of simulated discharges (QARD
lines) and predicted water surf ace elevations (WSL lines) used in velocity
s~.mulation and habitat modeling.

IOC
QARD 150.0
QARD 192.0
QARD 250.0
QARD 312.0
QARD 357.0
QARD 433.0
QARD 553.0
QARD 673.0
QARD 793.0
QARD 914.0
QARD1O34.0
QARD1154.0
QARD127S.0
QARDi 395.0
QARD1515.0
QARD1636.0
QARD1756.0
QARD1906.0
QARD2O57.0
QARD2 207.0
QARD2357.0
QARD25O8.0
QARD26S8.0
QARD2959.0
QARD326O.0
QARD356O.0
XSEC 1.0

1.0

NS
NS
NS
NS
NS
115
NS
NS
115
NS
NS
NS
WSL
WSL
WSL
WSL
WSL
CALl
yELl

1110l001000010001

0.01.00 89.80 .00029
0.097.21 1.898.05 2.795.63 5.794.25 6.0

89.8 30.0 90.2 40.0 90.5 50.0
91.0 90.0 90.9100.0 91.0110.0
91.5150.0 91.8160.0 91.9170.0
92.7210.0 92.6220.0 92.6230.0
92.7270.0 92.7280.0 92.7290.0
92.6330.0 92.7340.0 92.6350.0
92.4390.0 92.4400.0 92.4410.0
92.3450.0 92.3460.0 92.4470.0
92.2510.0 92.3520.0 92.5530.0
94.3538. 594.12543.

94.3 7.0 93.2
91.0 60.0 91.3
91.1120.0 91.3
92.2180.0 92.4
92.7240.0 92.7
92.7300.0 92.7
92.5360.0 92.5
92.5420.0 92.5
92.4480.0 92.3
92.8535.6 93.4

795.99544.597.46545.698.74

7.50
3.40
4.10
5.10
4.10
4.10
4.10
4.10
4.30
4.10
3.50

93.15
93.90
94.45
94.94

8.50
4.10
4.10
5.10
4.10
4.10
4.10
4.10
4.10
3.10
1.50

93.23
94.01
94.53
95.02

3.50
4.40
4.10
4.10
4.10
4.10
4.10
4.10
4.10
3.10
1.50

93.35
94. 10
94.62
95. 16

0.00 .001 .3271.3121.7161. 5541.2761. 138

92.1 20.0
91.2 80.0
91.4140.0
92. 5200.0
92.8260.0
92. 7320.0
92.5380.0
92.4440.0
92.4500.0
93.6538.3

1.0 10.0
1.0 70.0
1.0130.0
1.0190.0
1.0250.0
1.0310.0
1.0370.0
1.0430.0
1.0490.0
1.0536.6
1.0547.297.68548.6100.3552.0102.5
1.0 8.50 8.50 8.50
1.0 3.50 3.10 3.10
1.0 4.10 5.10 4.10
1.0 5.10 5.10 4.10
1.0 4.10 4.10 4.10
1.0 4.10 4.10 4.10
1.0 4.10 4.10 4.10
1.0 4.10 4.10 4.10
1.0 4.30 4.30 4.30
1.0 4.10 4.10 4.10
1.0 3.10 3.10 3.10
1.0 1.50 1.50 1.30
1.0 92.76 92.89 93.03
1.0 93.51 93.66 93.78
1.0 94.20 94.29 94.37
1.0 94.70 94.79 94.87
1.0 95.29 95.41
1.0 94.29 1400.00
1.0
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Appendix Cl cont.

VEL1
VEL 1
VEL 1
VEL1
yELl
CAL2
VEL2
VEL2
VEL2
VEL2
VEL2
VEL2
XSEC

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
WSL
WSL
WSL
WSL
WSL
CALl
VELl
VEL1
VELl
yELl
VEL 1
yELl
VEL1
CAL2
VEL2
VEL2
VEL2
VEL2
VEL2
VEL2 566.4
VEL2
XSEC

1.01.058 .966 .918 .9921.0131.1651.044 .96 1.10 1.161.1381.091
1.01.132 1.191.152 1.171.127 .9861.1491.0861.021 .953 .98 .955
1.0 .9281.1241.0091.091 .9531.1351. 1211.1351.0561.0181.0911.091
1.01.0831.056 1.131.2351.2791.3951. 3951. 6331.4721.497 .748 .126
1.0 .12 0.00
1.0 93.24 357.3
1.0
1.0
1.0
1.0
1.0
1.0

566.4 406.38 .50 89.80 .00070
566.4 0.0100.4 2.099.36 2.2 98.5 2.797.85 9.296.01 12.894.45
566.4 15.093.95 19.093.35 20.093.35 30.093.25 40.092.95 50.092.85
566.4 60.092.85 70.092.75 80.092.75 90.092.75100.092.55110.092.35
566.4120.092.55130.092.s514o.o92.5515o.o92.5516o 092 45170 092 45
566.4180.092.35190.092.35200.092.35210.092.45220.092.45230.092.55
S

66.4240.092.65250.092.95261.093.25270.c,93.45280.093.95285.094.25
566.4290.094.35300.094.25310.094.25320.094.25330.094.25340 094.15
566.4350.093.85360.093.55372.093.45375.093.45380.093.35390 093 45
566.4400.093.45410.093.4542O.093.35430.O93~15440.092.95450.O92g5
566.4460.092.85470.092.55480.092.15490.09~.75500.091.45510.091.25
566.4520.091.05530.090.65540.088.45550.087.255600870557008795
566.4580.089.45585.091.65s90.o92.5s594.093.85597.294 45601 595 26
566.4606.196.74606.997.39609.8 98.4
566.4 3.30 3.30 3.30 3.30 3.30 3.10
566.4 3.50 3.50 4.50 4.10 4.10 4.10
566.4 4.10 4.10 4.10 4.10 4.10 4.10
566.4 4.10 4.10 4.10 4.10 4.10 4.10
566.4 4.10 4.10 4.10 4.10 4.10 4.10
566.4 4.10 4.10 4.10 3.10 4.10 4.10
566.4 4.10 4.10 4.10 4.10 4.10 4.10
566.4 4.10 4.10 4.10 4.10 4.10 4.10
566.4 4.10 4.10 4.10 4.10 4.10 4.10
566.4 4.10 4.10 4.10 4.10 4.10 4.10
566.4 3.10 3.10 3.10 3.10 3.10 3.10
566.4 3.10 5.40 6.10 6.10 6.10 3.30
566.4 3.50 3.30 3.30
566.4 92.84 92.98 93.13 93.26 93.36 93.48
566.4 93.65 93.80 93.9~ 94.05 94.16 94.26
566.4 94.36 94.45 94.53 94.61 94.69 94.79
566.4 94.87 94.96 95.04 95.11 95.19 95.33
566.4 95.47 95.59
566.4 94.45 1400.00
566.4 0.00 .8711.2761.3511.701.7372.025
566.42.3652.0542.1352.0842.3382.2032.359 2.232. 1432.1212.108 2.20
566.42.1082.2432.1252.1512.o221.837 1.86 1.76 .946 .294 .081 0.00
566.4 .10 .556 .291 .628 .946 .6171.6282.1032.5012.6622.689 2.50
566.41.719 1.34 .914 .889 .7371.1271.162 1.461.6371.7691.8061.499
566.4 .735 .145 .125 .151 .064 .196 .196 .279 .163 .132 0.00
566.4
566.4 93.36 357.3
566.4
566.4

566.4
763.0 196.6 .25 92.50 .00154
763.0 0.0100.2 1.399.51 1.598.28 3.597.33 8.595.96 10.495.39

566.4
566.4
566.4



Appendix Cl cont.

763.0 12.8
763.0 60.0
763.0120.0
763.0180.0
763.0230.0
763.0265.0
763.0320.0
763.0380.0
763.0440.0
763.0487.5
763.0
763.0
763.0
763.0
763.0
763.0
763.0
763.0
763.0
763.0
763.0
763.0
763.0
763.0
763.0
763.0
763.0
763.0

94.7 15.593.66 20.0 93.3 30.093.06 40.092.76 50.092.66
92.6 70.0
92.6130.0
92.6190.0
93. 1235.0
93.4270.0
92.8330.0
92. 7390.0
93.1450.0
93.3492.0
3.30
8.50
4.10
4.10
4.10
4.10
4.10
3.10
4.10
4.10
6.80

93.31
93.90
94.57
95.11
95.79
94.66

92.7 80.0
92.7140.0
92.5200.0
93.5240.0
93.3280.0
92.7340.0
92.7400.0
93. 1460.0
94.3496.3
3.30
3.50
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
8.50

93.39
94.03
94.66
95.20
95.94

1400.00

92.6 90.0
92.5150.0
92.6210.0
93.4245.0
93.2290.0
92.7350.0
92.7410.0
93.2470.0
94.7504.3
3.30
3.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
8.50

93.50
94. 15
94.75
95.29

92.7100.0
92. 6160.0
92.7220.0
93.4250.0
93.0300.0
92. 7360.0
92.8420.0
93.0480.0
95.0
3.30
3.10
4.10
4.10
4.10
4.10
4.50
4.10
4.10
4.10
3.50

93.59
94.26
94.83
95.38

92.6110.0
92.7170.0
92.8225.0
93.5260.0
93.1310.0
92.7370.0
93.0430.0
93.1485.0

3.30
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.30
4.50

93.66
94.37
94.91
95.46

92. 5
92. 7
92.9
93. 5
93.0
92.7
93. 1
93.2

3.50
4.10
4.10
4.10
4.10
4.10
3.10
3.10
4.10
4.80

93.76
94.47
95.01
95.63

0.00 .069 .5261.3441.6181.559
763.01.6471.6641.6591.9631.7151.6511.828~.8921.8462.o572.o441.954
763.01.8241.9411.928 1.761.6471.7741.6731.4361.5181.3441.4461.483
763.01.1431.3341.2171.~791.3571.3571.2691.2691.4221.286l.4671.385
763.0 1.161.217 1.471.4091.5921.7641.7371.865 2.172.121 2.001.443
763.0 1.01 .144 0.00
763.0 93.66 357.3
763.0
763.0
763.0
763.0
763.0
763.0

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
WSL
WSL
WSL
WSL
WSL
CALl
VEL1
VELl
VELl
VEL 1
VEL1
VEL1
CAL2
VEL2
VEL2
VEL2
VEL2
VEL2
VEL2
ENDJ
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Appendix C2. PHABSIM input file for the navigation channel at Interstate
State Park, Lower St. Croix River. File includes range of simulated discharges
(QARD lines) and predicted water surface elevations (WSL lines) used in
velocity simulation and habitat modeling.

i11010010000100010000000000000

0.0 .78 87.70
0.0106.0 2.3105.5 7.0

93.1 30.0
90.2 80.0
87.4120.0
86.0150.0
86. 3180.0
94.0202.5

1.3
3.10
3.10
3.10
3.10
6.50
9.5

91.19
92.70
93.63
94.75
95.90

94.460

92.5 35.0
89.5 90.0
87.1125.0
85.4155.0
90. 5185.0
94.5206.0

1.3
3.10
3.10
3.10
3.10
6.10
9.5

91.42
92.82
93.82
94.92
96.09

1956.00

.00003
98.5 13.2
91.9 40.0
89.0100.0
86.8130.0
86. 1160.0
91.9190.0
96.1209.0

3.3
3.10
3.10
3.50
3.50
7.50

9.1
91.99
92.89
94.01
95.09
96.29

1709.00
0.00 0.75
2.14 1.82
1.34 1.87

1.05
2.04
1. 13

95.8 18.0
91.4 50.0
88.4105.0
86.4135.0
86.0165.0
93.0194.0
97. 1216.0

3.1
3.10
3.10
3.10
4.10
8.50

9.1
92.38
93.02
94.20
95.30
96.66

1.17
2.09
0.95

94.5 21.5
91.0 60.0
88.2110.0
85.7140.0
85.4170.0
93.4195.0
98.0

3.1
3.10
3.10
3.10
4.10
9.50

1.3
92.53
93.23
94.39
95.50
97.02

1.41 1.38
2.18 2.00
1.04 0.32

1.45
1.78
0.30

93.9
91.0
87.5
86.0
85.4
93.5

3.10
3.10
3.10
3.10
4.10
9.1

92.60
93.43
94.57
95.70
97.38

1.59
2.02
0.33

1467.00 1315.00

725.0
800.0
990.0

1128
1180
1208
1246
1288
1317
1367
1447
1527
1607
1686
1766
1846
1925
2005
2085
2164
2244
2344
2443
2543
2643
2742
2842
3041
3240
3440

1.0
1.0

lOG
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QA.RD
QARD
QARD
QARD
QARD
QARD
QA.Rfl
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
XSEC

NS
NS
NS
NS
NS
NS
NS
WSL
WSL
WSL
WSL
WSL
CALl
VEL1
VELl
VEL 1
VELl
CAL2
VEL2
VEL2

1.0 25.0
1.0 70.0
1.0115.0
1.0145.0
1.0175.0
1.0200.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.58 1.99
2.01 1.87
0.39 0.00

93.280

2.11 2.07
1.73 1.52
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Appendix C2 cont.

VEL2 1.0
VEL2 1.0
XSEC 2.0

2.0
811.0 .90 87.27 .00050

0.0100.4 1.0100.2 1.7 98.7 4.4

1.62 1.45
1.65 1.71
0.94 0.27

93.360

96.7 6.5 94.5 15.5 93.1
2.0 20.0 92.1 25.0 91.4 30.0 90.5 35.0 90.5 45.0 90.3 55.0 90.5
2.0 65.0
2.0125.0
2.0185.0
2.0240.0
2.0270.0
2.0290.1

NS 2.0
NS
NS
NS
NS
NS
NS
NS
WSL
WSL
WSL
WSL
WSL
CALl
VELl
VELl
VEL 1
VEL1
CAL2
VEL2
VEL2
VEL2
VEL2
XSEC

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

91.3 75.0
91.3135.0
88. 7195.0
89.2245.0
89.5275.0
96.0300.1100.9

1.3 1.3
3.40
4.10
3.10
4.10
4.10
6.50
9.4

91.54
92.91
93.88
94.96
96.25

1956.00

1.23 1.23
2.22 2.66
0.25 0.43

1467.00

3.50
4.40
4.10
3.10
4.10
6.50

9.4
91.30
92.80
93.69
94.76
96.02

94.480

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
3.0 275.0 .50
3.0 0.0 96.1 9.1
3.0 35.0 93.0 45.0
3.0 88.0 91.2 95.0
3.0140.0 92.4150.0
3.0196.0 93.3203.0
3.0245.0 90.8255.0
3.0305.0 90.1315.0
3.0341.6 94.0342.7
3.0350.1 97.5

NS 3.0
NS
NS
NS
115
11S
115
11S
11S
WSL
WSL
WSL
WSL
WSL
CAL1
VEL1
VEL1

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

6.5
3.10
4.50
3.10
6.50
6.50
7.50
8.50
8.50

91.92
93.22
94.02
95.01
96.18

94.750

91.7 85.0
90.7145.0
88.7205.0
89.0250.0
91.5279.0

92.0 95.0
90.4155.0
90.4215.0
88.9255.0
93.4281.0

1.3
4.40
4.10
3.10
4.10
4.10
4.50

92.11
92.99
94.06
95. 12
96.46

2069.00
0.00 0.32
1.34 1.34
2.91 3.21
0.18 0.00

1384.00

89.08
95.6 13.5
92.9 55.0
91.6105.0
92.3160.0
91.9208.0
90.0265.0
90.3325.0
95.4344.2

6.5
3.10
4.40
3.10
6.50
7.50
7.50
8.50

0.27
1.39
3.20

.00098
94.8 21.0
91.8 65.0
91.4115.0
92. 1170.0
92.0215.0
89.6275.0
91.0330.0
95.3345.8

6.50
4.10
4.10
3.50
6.50
7.50
8.50
8.50

92.61
93.38
94.36
95.34
96.60

2091.00
0.17 0.44
1.37 0.97

92.2105.0
89.8165.0
89.8225.0
88. 5260.0
93.4285.0

1.5
4.10
4.10
4.40
4.10
4.10
4.10

92.49
93.11
94.24
95.36
96.89

0.31
1.30
3.19

1.01
1.46
3.42

93.6 22.0
91.5 75.0
91.8120.0
91.4180.0
92.0225.0
89.1285.0
92.0340.3
95.8347.1

3.10
4.10
4.10
3.10
7.50
7.50
8.50
8.50

92.94
93.50
94.53
95.55
97.06

92.3115.0
91.2175.0
89. 3235.0
87.3265.0
94.1287.5

2.5
4.10
4.10
4.10
4.10
4.10
4.1

92.63
93.31
94.41
95.57
97.33

1.57
1.83
3.10

1.53
2.07
2.49

1.59
2.03
1.32

93. 1
90.9
92.3
91.9
91.0
90.0
94.9
97.2

3.10
4.10
4.10
3.10
6.50
7.50
8.50
8.50

93. 13
93.85
94.85
95.99
97.89

1.76 1.77
0.96 0.95
3.18 3.08

93.4 25.0
91.2 85.0
92. 1130.0
91.4190.0
92.3235.0
89.6295.0
94. 6340.7
98.2348.3

3.10
4.10
4.10
3.10
4.50
7.50
8.50
8.50

93.07
93.68
94.69
95.76
97.46

0.97 1.09 1.37 1.68
0.63 0.56 0.57 0.86

VELl 3.0 1.11 1.06 0.96 1.56 2.06 2.70 2.82 2.98 3.30 3.04

92.0
90.4
89.2
88.3
94.5

3.50
4.10
3.10
4.10
4.10
7.50

4.1

92.70
93.50
94.58
95.78
97.80

92.12
93.32
94.19
95.19
96.39

1956.00
0.00 0.14

1.80 1.76 1.59 1.67
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Appendix C2 coot.

3.0 3.00 2.66 2.00 1.50 0.00
3.0
3.0
3.0
3.0
3.0
3.0
3.0

93.720 1467.00 1701.00

VELl
VEL1
CAL2
VEL2
VEL2
VEL2
VEL2
VEL2
ENDJ
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Appendix C3. PHABSIM input file for the main channel at Interstate State
Park, Lower St. Croix River. File includes range of simulated discharges (QARD
lines) and predicted water surface elevations (WSL lines) used in velocity
simulation and habitat modeling.

111l10010000100010000000000000IOC
QARD 725.0
QARD 800.0
QARD 1000
QARD 1200
QARD 1330
QARD 1400
QARD 1496
QARD 1600
QARD 1674
QARD 1800
QARD 2000
QARD 2200
QARD 2400
QARD 2600
QARD 2800
QARD 3000
QARD 3200
QARD 3400
QARD 3600
QARD 3800
QARD 4000
QARD 4250
QA.RD 4500
QARD 4750
QARD 5000
QARD 5250
QARD 5500
QARD 6000
QARD 6500
QARD 7000
XSEC 1.0

1.0 0.0
1.0 10.0
1.0 65.0
1.0125.0
1.0185.0
1.0225.0
1.0255.0
1.0285.0
1.0315.0
1.0360.0
1.0420.0
1.0461.8
1.0521.8
1.0581.8

115 1.0
115 1.0
NS 1.0
115 1.0
NS 1.0
NS 1.0
NS 1.0
NS 1.0
NS 1.0
115 1.0
NS 1.0
NS 1.0
NS 1.0

0.0 .50
97.2 2.0
92.0 15.0
88.3 75.0
89.5135.0
90.0195.0
89.9230.0
89.3260.0
89.2290.0
88. 5320.0
87.9370.0
92.2430.0
94.5471.8
95.9531.8
99.2
3.3

3.40
4.10
4.40
4.40
4.10
4.10
3.10
4.10
4.10
4.10

4.1
4.1

87.70
96.5 2.7
90.6 25.0
88.0 85.0
89.8145.0
90.2205.0
89.2235.0
89.3265.0
89.1295.0
88.4325.0
88.0380.0
93.6435.0
95.1481.8
96.5541.8

3.3
3.40
4.40
4.10
4.10
4.40
4.10
4.10
4.10
4.10
4.10

4.1
4.1

.00025
94.9 4.7
90.4 35.0
88.0 95.0
89.7155.0
89.9210.0
89.2240.0
89.4270.0
88.9300.0
88.3330.0
88.2390.0
94.0437.0
96.2491.8
96.8551.8

3.3
3.10
4.40
4.10
4.10
4.10
4.10
4.10
4.40
4.10
4.10

4.1
3.4

94.5 5.0
89.5 45.0
88.0105.0
89.5165.0
89.7215.0
89.3245.0
89.4275.0
88.9305.0
88.1340.0
88. 3400.0
94.2441.8
96. 3501.8
97.1561.8

3.1
3.40
4.40
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10

4.1
3.1

93.9 7.5
89.6 55.0
88.3115.0
89.7175.0
89.6220.0
89. 3250.0
89.2280.0
88.7310.0
87.7350.0
88.4410.0
94.4451.8
96.3511.8
97.6571.8

2.1
3.10
4.40
4.10
4.10
4.10
4.10
4.10
4.10
4.10

4.1
4.1
4.3

93.3
89 . 1
88.7
89.3
90.2
89.4
89.3
88.6
87.8
89.0
94.5
96.3
98.1

2.10
3.10
4.40
4.10
4.10
4.10
4.10
4.10
4.10
4.10

4.1
4.1
1.3
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Appendix c3 cont.

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
2.0
2.0 0.0
2.0 25.0
2.0 85.0
2.0145.0
2.0205.0
2.0265.0
2.0325.0
2.0385.0
2.0445.0
2.0495.0
2.0525.0
2.0555.0
2.0585.0
2.0645.0
2.0689.4
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

VEL1 2.0 0.73 0.76
yELl 2.0 0.68 0.84

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
WSL
WSL
WSL
WSL
WSL
CALl
VELi

1.3
91.60
92.77
93.78
94.84
95.84

94.200

1.32 0.75
0.99 1.08
1.40 1.51
1.80 1.91
0.00 0.00

91.74
92.90
93.97
94.99
96.00

2845.00

0.68 0.48
1.16 1.25
1.54 1.57
2.09 2.01
0.00 0.00

98.4 0.7
89.8 35.0
89.2 95.0
91.3155.0
91. 5215.0
91.5275.0
91.5335.0
90.8395.0
89.4455.0
88.1500.0
88.8530.0
89.3560.0
89.4595.0
93.2648.2
95.7699.4

1.3
3.10
3.40
4.10
4.10
4.10
4.40
4.10
4.10
4.10
4.10
4.40
3.10
4.10

4.1
91.64
92.82
93.85
94.94
95.97

94.280

27
0.00
0.74
1.16
1.71
1.83

92.07
92.99
94.16
95.14
96.16
19.00
0.15
0.90
1.20
1.85
2.16

92.37
93.14
94.34
95.33
96.46

0.61
1.15
1.01
1.73
2.14

0.97
1.14
1.13
1.85
1. 84

1.03
1.10
1 . 02
1.85
1.74

92.55
93.36
94.51
95.50
96.74

0.97
0.88
1.19
1.93
1.78

1.09
1.00
1.29
2.05
1.20

93.150 1811.00 1880.00

321.0 .32 87.70
98.0 1.7
89.5 45.0
89.6105.0
91.3165.0
91.6225.0
91.4285.0
91.5345.0
90.8405.0
89.2465.0
88.2505.0
89.0535.0
89.4565.0
90.0605.0
93.3655.0
97.2709.4

1.3
3.10
3.10
4.40
4.10
3.10
4.10
4.10
4.10
4.10
4.10
4.40
4.10
4.10

4.1
91.78
92.95
94.05
95.10
96.14

2845.00
0.00

0.98 0.95
0.79 0.81

.00028
96.9 9.1
89.2 55.0
90.4115.0
91.4175.0
91.7235.0
91.5295.0
91.5355.0
90.6415.0
88.7475.0
88. 3510.0
89.2540.0
89. 5570.0
90.8615.0
93.5665.0

94.3 11.3
89.1 65.0
90.6125.0
91.5185.0
91.7245.0
91.5305.0
91.3365.0
90.2425.0
88.0485.0
88.3515.0
89.3545.0
88.9575.0
91.6625.0
93.8671.8

93.7 15.0
89.3 75.0
90.8135.0
91.5195.0
91.6255.0
91. 5315.0
91.3375.0
90.0435.0
87A490.0
88.6520.0
89.2550.0
89.3580.0
92.1635.0
94.3679.4

99.3709.6101.1710.6102.1
1.1

3.10
3.40
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.40
4.10

4.5
8.5

92.11
93.05
94.24
95.26
96.31

2669.00
0.35 0.48
1.13 1.02
0.88 0.82

1.22
0.88
0.84

3.1
2.10
4.10
4.10
4.10
4.10
4. 10
4.10
4.10
4.10
4.10
4.10
4 . 10

4.5
8.5

92.42
93.20
94.42
95.45
96.62

0.84
0.92
0.86

0.72
0.91
0.79

3. 10
3.40
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
5.10

4.5
8.5

92 . 60
93.42
94.60
95.63
96.91

0.73 0.70
0.93 0.54
0.80 0.82

NS
WSL
WSL
WSL
WSL
WSL
CALl
VEL 1
VEL1
VELi
VEL1
VEL 1
VEL1
VEL 1
CAL2
VEL2
\TEL2
VEL2
VEL2
VEL2
VEL2
VEL2
XSEC

92.65
93.58
94.68
95.67
97.01

0.55
0.76
1.45
1.92
0.14

92.2
88.5
91.2
91.5
91.5
91.6
91.0
89. 7
87.7
88. 8
89.1
89.4
92.8
94.7

3.10
3.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
6.20
4.1

92.70
93.64
94.78
95.80
97.20

0.67
0.80
0.86
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Appendix C3 cont.

93.180 1811.00 1741.00

2.0 0.76 0.84 0.88 0.83 0.89 0.98 1.11 1.33 1.36 1.37 1.56 1.72
2.0 1.99 1.84 1.94 1.68 1.96 1.84 1.91 1.73 1.97 2.02 1.95 1.77
2.0 1.64 1.62 1.57 1.40 1.49 1.29 1.10 0.99 0.53 0.34 0.34 0.32
2.0 0.33 0.54 0.40 0.39 0.32 0.28 0.24 0.22 0.07 0.15 0.00
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0.
3.0 782.0 .50

98.7 5.0
95.2 13.1
90.0 65.0
90.1125.0
89.4185.0
87.7245.0
88.2305.0
88.6365.0
87.5425.0
87.6485.0
91.7540.1
95.4546.2

3.3
3.5

3.40
4.10
4.10
4.10
4.10
4.10
4.10
3.10
9.50
8.50

92.49
93.50
94.36
95.41
96.43

94.750

0.83 0.74
0.89 0.85
1.09 1.06
1.20 1.25
0.66 0.12

93.840

89.02
96.6 7.8
94.7 15.0
90.2 75.0
90.3135.0
89.0195.0
87.3255.0
88.7315.0
88.5375.0
87.6435.0
87.4495.0
93.2540.2
95.6546.5
3.3

2.10
3.10
4.10
4.10
4.10
4.10
4.10
4.10
3.10
9.50
8.50

92.62
93.60
94.54
95.57
96.60

2845.00

0.77 0.83
0.89 0.88
0.95 1.12
1.27 1.21

1811.00

.00029
96.3 8.2
94.4 25.0
90.1 85.0
90.5145.0
88.7205.0
87.1265.0
88.6325.0
88.2385.0
87.9445.0
87.4505.0
95.1541.5
96.3547.5
3.5

2.10
3.10
4.10
4.10
4.10
4.10
4.10
4.10
3.50
8.50
8.50

92.94
93. 68
94.71
95.73
96.77

3148.00

0.79 0.79
0.87 1.03
0.97 1.09
1.19 1.30

0.75
0.97
1.29
1.25

97.2 9.0
93.1 35.0
90.1 95.0
90.2155.0
88.5215.0
87.2275.0
88.7335.0
88.1395.0
88.2455.0
87.2515.0
95.3542.5
97.8

8.5
2.10
3.10
4.10
4.10
4.10
4.10
4.10
3.10
3.50
8.50
8.50

93.18
93.80
94.89
95.92
97. 10

0.00
0.94
1.07
1.21
1.17

96.8 10.6
91.8 45.0
90.1105.0
90.1165.0
88.2225.0
87.4285.0
88.6345.0
87.8405.0
87.8465.0
87.8525.0
94.8543.2

8.5
2.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
3.50
8.50

93.33
93.98
95.06
96.09
97.41

0.11 0.55
0.90 0.80
0.87 0.92
1.13 1.29
1.16 1.07

0.00

VELl
VEL 1
VELl
yELl
yELl
CAL2
VEL2
VEL2
VEL2
VEL2
VEL2
VEL2
VEL2
VEL2
XSEC

115
NS
NS
115
NS
115
115
NS
11S
115
115
NS
WSL
WSL
WSL
WSL
WSL
CALl
VELl
VELl
VEL 1
VELl
VELI
yELl
CAL2
VEL2
VEL2
VEL2
VEL2
VEL2
VEL2
ENDJ

3.0 0.0
3.0 10.7
3.0 55.0
3.0115.0
3.0175.0
3.0235.0
3.0295.0
3.0355.0
3.0415.0
3.0475.0
3.0535.0
3.0544.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

95.6
90.1
90.1
89.7
88.0
87.6
88.5
87.7
87.7
89.7
94.8

8.5
3.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
3.10
8.50

93.40
94.17
95.24
96.26
97.71

0.60 0.81
0.88 0.92
1.05 0.99
1.29 1.13
1.20 1.07
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Appendix C4. PHABSIM input file for the main channel at FrancOnia, Lower
St. Croix River. File includes range of simulated discharges (QARD lines) and
predicted water surface elevations (WSL lines) used in velocity simulation and
habitat modeling.

000010010000100010000000000000
725.0
800.0

1000
1200
1330
1400
1496
1600
1674
1800
2000
2200
2400
2600
2800
3000
3200
3400
3600
3800
4000
4250
4500
4750
5000
5250
5500
6000
6500
7000

1.0
1.0 0.0
1.0 25.0
1.0 85.0
1.0145.0
1.0205.0
1.0235.0
1.0280.0
1.0340.0
1.0400.0
1.0460.0
1.0520.0
1.0580.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.00.50
97.8 2.0
93.5 35.0
91.8 95.0
90.1155.0
89.0210.0
89.1240.0
88.9290.0
88.2350.0
86.7410.0
86.6470.0
88.4530.0
93.2590.0

1.3
3.10
3.10
3.40
3.10
3.10
3.10
3.10
4.10
3.10
3.10
2.10

92.36
93.39
94.16

96.8 6.0
93.2 45.0
91.5105.0
89.8165.0
88.8215.0
88.9245.0
88.5300.0
87.8360.0
86.5420.0
87.1480.0
88.6540.0
94.8591.0

1.3
3.10
3.10
3.40
3.10
3.10
3.10
3.10
4.10
4.10
3.10
2.10

92.49
93.49
94.31

86.4700.00001100
96.0 10.0
92.9 55.0
91.3115.0
89.7175.0
88.8220.0
88.9250.0
88.3310.0
87.8370.0
87.0430.0
87.2490.0
89.2550.0
95.8593.0
3.3

3.10
3.10
3.40
3.10
3.10
3.10
3.10
4.10
4.10
3.10
2.3

92.80
93.56
94.44

95.2 12.0
92.6 65.0
90.7125.0
89.4185.0
89.0225.0
88.7260.0
88.0320.0
87.0380.0
87.9440.0
87. 1500.0
89.4560.0
98.2
3.3

3.10
3.10
3.10
3.10
3.10
3.10
3.10
4.10
4.10
3.10

1.3
93.06
93.68
94.56

94.8 15.0
92.4 75.0
90. 5135.0
89.5195.0
89.4230.0
88.8270.0
88.0330.0
87.0390.0
87.8450.0
87. 6510.0
89.7570.0

3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
4.10
4.10
3.10

93.21
93.85
94.69

bC
QARD
QARD
QARD
QARD
QARD
QARD
QA.RD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
QARD
XSEC

NS
NS
115
NS
NS
115
NS
115
NS
NS
115
115
WSL
WSL
WSL

94.5
92.0
91.3
89.5
89.2
88.9
88.1
86.8
87.0
88.3
90.9

3.10
3. 10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
4.10
3.10

93.28
94.01
94.82
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Appendix C4 cont.

2.0 0.0
2.0 20.0
2.0 80.0
2.0140.0
2.0175.0
2.0205.0
2.0235.0
2.0265.0
2.0310.0
2.0370.0
2.0430.0
2.0488.5
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.d
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
3.0
3.0

95.03
95.70

3329.00

0.75 0.67
1.33 1.34
1.52 1.66
1.27 1.20
0.15 0.22

1780.00

436.00.50
98.7 1.0
92.8 30.0
90.2 90.0
87.8150.0
86.8180.0
87.3210.0
88.4240.0
88.8270.0
90.1320.0
90.6380.0
91.3440.0
94.8490.0

3.3
3.10
3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10

92.36
93.39
94.16
94.93
95.60

94.773

95.14
95.80

3265.00
0.00 0.11
0.76 1.00
1.38 1.54
1.49 1.45
1.04 0.98
0.11 0.16

0.00

95.26
96.00

0.13
0.46
1.31
1.57
0.92
0.07

86. 7700.00001500
97.6 4.0
92.3 40.0
89.8100.0
87.4155.0
86.8185.0
87.5215.0
88.5245.0
88.8275.0
90.2330.0
90.9390.0
91.7450.0
96.1493.0
3.3

3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10

4.1
92.49
93.49
94.31
95.03
95.70

3329.00

1.36 1.57
1.85 1.69
1.80 1.78
1.49 1.32
0.12 0.08

1780.00

96.6 5.0
91.5 50.0
89.7110.0
87.4160.0
86.8190.0
87.8220.0
88.5250.0
88.9280.0
90.4340.0
91.2400.0
92.6460.0
96.5

3.4
3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10
4.1

92.80
93.56
94.44
95.14
95.80

3251.00
0.12
1.70
1.70
1.68
1.29
0.28
0.00

1.65
1.82
1.84
1.43
0.32

0.63
1.72
1.72
1.83
1.12

0.29
1.13
1.42
1.43
0.85

95.38
96.18

0.45
1.00
1.46
1.50
0.87

95.4 7.2
90.8 60.0
89.5120.0
87.4165.0
86.9195.0
88.1225.0
88.7255.0
89.0290.0
90.1350.0
91.3410.0
92.9470.0

3.3
3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10

93.06
93.68
94.56
95.26
96.00

1.13
1.50
1.66
1.79
1.00

1.23
1.44
1.67
1.69
0.90

0.53
1.14
1.22
1.45
0.59

0.72
1.02
1.37
1.22
0.50

1.12
1.58
1.66
1.75
0.43

1.11
1.72
1.70
1.72
0.19

95.49
96.36

0.76
1.29
1.51
1.35
0.29

94.1
90.3
88.5
86.9
87. 1
88.3
88.8
90.0
90.5
91.3
93.7

3.10
3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10

93.28
94.01
94.82
95.49
96.36

1.37
1.88
1.70
1.70
0.10

469.00.50 86.7700.00003700
0.0 96.2 2.0 95.5 2.5 94.8 10.0 91.4 20.0 90.3 30.0 89.8

94.93
95.60

94.768

0.80 0.81
1.13 1.31
1.47 1.49
1.12 1.24
0.34 0.24

93.666

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
2.0

WSL
WSL
CALl
VELl
VELl
VELl
yELl
VELl
VELl
CAL2
VEL2
VEL2
VEL2
VEL2
VEL2
VEL2
XSEC

MS
115
MS
115
115
NS
11S
115
MS
NS
MS
115
WSL
WSL
WSL
WSL
WSL
CALl
VELl
yELl
VELl
VELl
yELl
yELl
CAL2
VEL2
VEL2
VEL2
VEL2
VEL2
VEL2
XSEC

94.8 10.0
90.5 70.0
88.8130.0
87.1170.0
87.0200.0
88.1230.0
88.7260.0
89. 6300.0
90.2360.0
91.2420.0
93.3480.0

3.30
3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10
4.10
4.10

93.21
93.85
94.69
95.38
96.18

1.35 1.38
1.80 1.89
1.67 1.82
1.62 1.54
0.08 0.09

93.671
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NS
NS
NS
115
115
11S
115
NS
NS
115
115
WSL
WSL
WSL
WSL
WSL
CALl
VELl
yELl
yELl
VELl
VELl
VELl
CAL2
VEL2
VEL2
VEL2
VEL2
VEL2
VEL2
XSEC

3.0 40.0
3.0100.0
3.0150.0
3.0180.0
3.0210.0
3.0240.0
3.0270.0
3.0320.0
3.0380.0
3.0433.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
4.0
4.0 0.0
4.0 30.0
4.0110.0
4.0170.0
4.0230.0
4.0290.0
4.0350.0
4.0410.0
4.0470.0
4.0550.0
4.0602.0

115 4.0
115 4.0
NS 4.0
115 4.0
115 4.0
115 4.0
115 4.0
NS 4.0
NS 4.0
115 4.0

1.37
1.55
1.09
0.91

89.5 50.0
87.7110.0
86.6155.0
86.7185.0
85.8215.0
84.7245.0
84.6275.0
87.3330.0
93. 5390.0
95.4436.0
1.3

3.10
3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10
3.1

92.37
93.39
94.17
94.94
95.62

94.782

1.35
1.58
1.17
0.92

1.37
1.63
1.13
0.52

93.696 1780.00

88.3 70.0
87.6130.0
86.9165.0
86.7195.0
85.2225.0
84.7255.0
85.0290.0
89.0350.0
93.0410.0
96.7444.0
3.30
3.10
3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10

3.1
92.81
93.57
94.45
95.16
95.82

3329.00
0.96 1.05
1.41 1.66
1.28 0.96
1.52 1.52
0.10 0.10

87.9 80.0
87.0140.0
87.2170.0
86.7200.0
85.2230.0
84.6260.0
85. 6300.0
90.4360.0
93.3420.0
97.3
3.10
3.10
3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10

3.1
93.07
93.69
94.57
95.27
96.02

1.21 1.28 1.31
1.68 1.77 1.61
1.13 1.08 1.25
1.44 1.43 1.52
0.10 0.20 0.05

87.7 90.0
86.6145.0
87.0175.0
86.2205.0
85.0235.0
84.5265.0
86.1310.0
92.2370.0
93.9429.5

3.10
3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10
5.10

93.22
93.86
94.70
95.40
96.20

0.00

495.00.50 88.0100.00002700
98.8 4.0
89.4 45.0
89.6120.0
88.9180.0
88.6240.0
88.5300.0
88.6360.0
89.3420.0
89.6480.0
91.0565.0
97.0
3.3

3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10

97.6 5.0
89.0 60.0
89. 5130.0
88.8190.0
88.3250.0
88.3310.0
88.7370.0
89.5430.0
90.6490.0
91.3580.0

3.3
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10

96.1 6.0
89.7 75.0
89.6140.0
88.8200.0
88.3260.0
88. 3320.0
88.7380.0
89.6440.0
91.2500.0
92.7595.0

1.3
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10

88.7 60.0
87. 7120.0
86.8160.0
86.7190.0
85.6220.0
84.8250.0
84.8280.0
87.8340.0
93.4400.0
95.8440.0

1.3
3.10
3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10

3.1
92.50
93.50
94.32
95.05
95.72

3329.00
0.74
1.36
1.57
1.49
0.21

87.7
86.5
86.8
86.0
84.8
84.3
86.7
93.5
94.8

3.10
3.10
3.10
3.10
4.10
4.10
4.10
4.10
4.10
4.10

93.29
94.02
94.83
95.51
96.38

1.28
1.65
1.16
1.10

1.33
1.77
1.23
1.52
0.14

1.25
1.66
1.19
0.98
0.08

94.7 8.1
89.7 90.0
89.3150.0
88.8210.0
88.0270.0
88. 5330.0
88.8390.0
89.7450.0
91.8520.0
94.3598.1

3.4
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10

94.0 15.0
89.6100.0
88.9160.0
88.6220.0
88.1280.0
88.3340.0
89.3400.0
89.6460.0
91.6535.0
94.8600.0

3.40
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10

92.5
89.7
88.7
88.6
88.4
88.5
89.3
89.7
91.2
96.5

3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10

3.3
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Appendix C4 cont.

3.3
92.49
93.45
94.21
94.97
95.64

94.809

1.16 1.15
1.29 1.31
1.29 1.21
0.71 0.58

92.61
93.55
94.36
95.07
95.75

3329.00

1.36 1.37
1.07 1.33
1.38 1.33
0.52 0.52

93.716 1780.00

539.01.00

92.89
93.62
94.48
95.18
95.85

3331.00
0.00 0.50
1.32 1.42
1.16 1.16
1.28 1.15
0.31 0.27

4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
5.0
5.0 0.0101.4 3.0100.4 4.0
5.0 15.0 93.9 30.0 91.7 45.0
5.0105.0 90.7120.0 91.0135.0
5.0195.0 91.0210.0 90.7220.0
5.0260.0 90.0270.0 89.9280.0
5.0320.0 88.7330.0 88.6340.0
5.0380.0 87.3390.0 87.1400.0
5.0460.0 85.1475.0 84.7490.0
5.0555.0 89.7570.0 91.8585.0
5.0627.0 96.0636.0 97.2
5.0 3.3 3.3
5.0 3.40 3.40
5.0 3.10 3.10
5.0 3.10 3.10
5.0 3.10 3.10
5.0 3.10 3.10
5.0 3.10 3.10
5.0 3.10 3.10
5.0 3.10 3.10
5.0 3.40 3.1
5.0 92.49 92.61
5.0 93.45 93.55
5.0 94.21 94.36
5.0 94.97 95.08
5.0 95.65 95.75
5.0 94.809 3329.00
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0

1.02 1.00
1.25 1.07
1.04 1.24
0.51 0.28

93.718

1.06 1.06
1.22 1.25
1.14 1.26
0.25 0.19

1780.00

93.14
93.73
94.60
95.30
96.05

0.77
1.41
1.42
1.08
0.19

1 .04
1.41
1.28
1.24
0.08

93.28
93.90
94.73
95.42
96.23

1.09 1.21
1.43 1.41
1.33 1.13
1.17 1.00
0.06 0.13

1.26
1.38
1.20
0.98

0.00

88.0100.00000000
99.6 5.0
90.8 60.0
91.0150.0
90.4230.0
89.6290.0
88.0350.0
86.8415.0
85.2510.0
93.5600.0

2.3
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10

0.00
1.02
1.37
1.30

92.90
93.62
94.49
95.18
95.85

3452.00

1.02 1.10
1.33 1.37
1.17 1.25
0.09

98.6 7.0
90.8 75.0
91.4165.0
90.6240.0
89.4300.0
87.8360.0
86.0430.0
85.4525.0
93.8615.0

3.4
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10

93.14
93.74
94.60
95.30
96.05

0.15
1.16
1.18
1.11

95.6 11.0
90.9 90.0
91.1180.0
90.4250.0
89.4310.0
87.7370.0
85.9445.0
86.2540.0
94. 2622.0

3.4
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10

93.28
93.90
94.73
95.43
96.23

0.45 0.75
1.20 1.18
1.40 1.32
1.03 0.92

3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10
3.10

93.35
94.06
94.86
95.54
96.42

0.95 0.89
1.10 1.16
1.24 1.25
0.87 0.83

0.00

4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0

93.35
94.06
94.86
95.54
96.41

1.04
1.43
1.41
0.87

115
WSL
WSL
WSL
~‘J5L
WSL
CALl
yELl
VELl
VELl
VELl
VELl
yELl
CAL2
VEL2
VEL2
VEL2
VEL2
VEL2
VEL2
XSEC

115
115
115
115
115
NS
115
115
NS
115
WSL
WSL
WSL
WSL
WSL
CALl
VELl
VELI
yELl
VELl
VELl
CAL2
VEL2
VEL2
VEL2
VEL2
VEL2
E11DJ

94.8
90.8
91.2
90.1
89.3
87.6
85.6
87.9
94.8
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Appendix D. velocity adjustment factors used in velocity simulations.

East channel Navigation channel
Transect Transect

1 2 Discharge 1 2
1330 0.847 1.217 0.949 725 1.384 2.39 2.447
1400 0.878 1.144 0.971 800 1.383 2.129 2.219
1498 0.714 1.093 0.963 1000 1.337 1.701 1.769
1800 0.752 1.07 0.985 1200 1.312 1.502 1.555
1874 0.774 1.03 0.978 1330 1.299 1.439 1.48
1800 0.808 1.029 0.985 1400 1.298 1.412 1.452
2000 0.857 1.013 0.998 1498 1.29 1.372 1.407
2200 0.89 0.998 1.003 1800 1.278 1.331 1.38
2400 0.931 0.992 1.007 1874 1.275 1.302 1.338
2800 0.98 0.989 1.015 1800 1.288 1.265 1.284
2800 0.988 0.987 1.014 2000 1.249 1.207 1.217
3000 1.021 0.989 1.018 2200 1.235 1.159 1.184
3200 1.041 0.985 1.018 2400 1.22 1.115 1.115
3400 1.083 0.985 1.023 2800 1.207 1.073 1.07
3800 1.088 0.99 1.024 2800 1.193 1.04 1.029
3800 1.109 0.992 1.032 3000 1.179 1.009 0.991
4000 1.128 0.991 1.037 3200 1.184 0.983 0.98
4250 1.151 0.987 1.039 3400 1.152 0.959 0.931
4500 1.179 0.997 1.04 3800 1.14 0.933 0.904
4750 1.195 0.995 1.045 3800 1.13 0.901 0.871
5000 1.215 0.999 1.048 4000 1.12 0.885 0.852
5250 1.24 1.009 1.049 4250 1.108 0.853 0.821
5500 1.255 1.009 1.055 4500 1.097 0.832 0.793
6000 1.291 1.019 1.057 4750 1.087 0.812 0781
8500 1.327 1.023 1.08 5000 1.078 0.788 0.742
7000 1.382 1.038 1.084 5250 1.087 0.784 0.72

5500 1.055 0.747 0.899
8000 1.038 0.714 0.853
8500 1.023 0.883 0.824
7000 1.007 0.851 0.593

Main channel Franconia
Transect Transect

Discharge 1 2 Discharge 1 2 3 4 5
725 0.817 1.23 0.487 725 0.505 0.581 0.392 0.519 0.449
800 0.83 1.221 0.51 800 0.528 0.582 0.418 0.541 0.472

1000 0.888 1.198 0.583 1000 0.584 0.832 0.478 0.598 0.528
1200 0.895 1.185 0.818 1200 0~838 0.879 0.532 0.843 0.58
1330 0.912 1.153 0.85 1330 0.888 0.708 0.587 0.873 0.812
1400 0.918 1.142 0.888 1400 0.886 0.725 0.588 0.889 0.829
1498 0.931 1.137 0.889 1498 0.705 0.742 0.81 0.708 0.849
1800 0.942 1.13 0.713 1800 0.729 0.784 0.834 0.729 0.872
1874 0.95 1.119 0.727 1874 0.744 0.779 0.852 0.744 0.888
1800 0.982 1.111 0.752 1800 0.789 0.801 0.88 0.788 0.71
2000 0.982 1.105 0.789 2000 0.809 0.837 0.725 0.803 0.749
2200 0.998 1.094 0.82 2200 0.848 0.871 0.788 0.838 0.784
2400 1.013 1.085 0.848 2400 0.881 0.903 0.809 0.888 0.817
2800 1.03 1.078 0.87 2800 0.913 0.931 0.848 0.898 0.848
2800 1.042 1.073 0.894 2800 0.948 0.981 0.885 0.928 0.877
3000 1.055 1.07 0.912 3000 0.979 0.992 0.923 0.959 0.91
3200 1.089 1.088 0.93 3200 1.007 1.018 0.957 0.983 0.938
3400 1.08 1.059 0.943 3400 1.032 1.038 0.989 1.005 0.959
3800 1.092 1.059 0.957 3800 1.08 1.084 1.023 1.03 0.986
3800 1.108 1.058 0.972 3800 1.09 1.091 1.055 1.057 1.01
4000 1.117 1.058 0.984 4000 1.114 1.112 1.085 1.079 1.038
4250 1.128 1.054 1 4250 1.147 1.142 1.127 1.109 1.087
4500 1.143 1.055 1.019 4500 1.178 1.17 1.182 1.137 1.092
4750 1.156 1.057 1.035 4750 1.21 1.199 1.2 1.182 1.122
5000 1.187 1.058 1.05 5000 1.239 1.225 1.238 1.192 1.149
5250 1.179 1.058 1.083 5250 1.27 1.253 1.273 1.217 1.177
5500 1.189 1.058 1.075 5500 1.299 1.279 1.308 1.243 1.204
8000 1.211 1.08 1.098 8000 1.351 1.328 1.373 1.29 1.253
8500 1.234 1.085 1.118 8500 1.404 1.374 1.438 1.339 1.302
7000 1.254 1.087 1.137 7000 1.452 1.417 1.499 1.382 1.343
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Appendix E. Days with mean flows equal to or less than 800 cfs over the period of hydrologic
record for the Lower St. Croix River at St. Croix Falls, WI. Mean daily flows during the week
prior to and the week after each 800 cfs day are also provided. Discharge date taken from
USGS gg• no. 53406000.

YEAR MONTh DAY crs
1902 March 28 3120

29 3120
30 3040
31 2950

April 1 2910
2 2840
3 300
4 400
5 2750
o 2520
7 2280
8 2280
9 2190

10 2110
15 2020
16 2170
17 2070
15 5190
19 1510
20 1000
21 600
22 5540
23 540
24 510
25 1050
26 2760
27 3020
28 3290
29 3480
30 3750

September 14 1550
15 1360
16 1360
17 1540
18 1480
19 1120
20 510
21 2800
22 2070
23 2540
24 2360
25 1060
26 1140

October 10 930
11 2950
12 1950
13 2040
14 2000
15 1920
16 800
17 845
18 3600
19 1940
20 1920
21 2040
22 1980

1905 April 20 3560
21 4440
22 3440
23 3140
24 2840
25 3070
26 580
27 3990
28 4310
29 4230
30 4870

May 1 5130

YEAR MONTH DAY CF5
1910 May 16 1830

17 1510
18 1180
19 2040
20 3320
21 2060
22 790
23 2330
24 2630
25 3030
26 3550
27 4630
28 4450

June 13 1930
14 1940
15 1900
16 1940
17 2230
18 1400
19 650
20 1820
21 1850
22 1740
23 1620
24 1670
25 1110
26 565
27 1730
28 2210
29 1450
30 1570

July 1 1680
2 1110
3 610
4 1120
5 1630
6 1420
7 1550
8 1680
9 1230

10 500
11 1800
12 1360
13 1800
14 1790
15 1670
16 1270
17 75
18 1840
19 1800
20 1770
21 1810
22 1720
23 1300
24 343
25 1410
26 1480
27 1490
28 1490
29 1490
30 1490
31 358

August 1 1450
2 1450
3 1400
4 1400
5 1500
6 1260
7 452

YEAR MONTH DAY OFS
1910 August 8 1350

9 1700
10 1500
11 1470
12 1400
13 1290
14 393
15 14.00
16 1650
17 1360
18 1410
19 1400
20 1320
21 462
22 1470
23 1640
24 1630
25 1600
26 1570
27 1560
28 521
29 1530
30 1540
31 1690

September 1 1700
2 1700
3 1820
4 606
5 1170
6 1700
7 1670
8 1770
9 1640

10 1590
11 880
12 1740
13 1730
14 1410
15 1230
16 1380
17 1520
18 666
19 1320
20 1450
21 1460
22 1460
23 1220
24 1100
25 759
26 1410
27 1640
28 1680
29 1670
30 1610

October 1 1400
2 728
3 1570
4 1580
5 1580
6 1580
7 1610
8 1950
9 602

10 1640
11 1770
12 1780
13 1770
14 1740
15 1730
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Appendix E cont.

YEAR MONTH DAY
1910 December 16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

November 1
2
3
4
S
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

December 1
2
3
4
S
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

cFs
629

1840
1510
1700
1720
1750
1780
635

1660
1780
1830
1660
1700
1740
634

1580
1380
1390
1400
1460
1670
725

1690
1540
1550
1500
1560
1510
671

1290
1450
1500
1210
997

1350
729

1610
1530
1730
691

1360
1600
674

1470
1510
1520
1950
1440
1050
648

1190
1240
1400
1720
1740
1740
629

1420
1340
1140
1310
1470
1530
638

1270
1410
1270
1240
1220
1520
842

1911 January

YEAR MONTH DAY
1910 December 26

27
28
29
30
31

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

February 1
2
3
4

20
21
22
23
24
25
26
27
28

March 1
2
3
4

18
19
20
21
22
23
24
25
26
27
28
29
30
31

December 1
2

1912 March

CF5
850

1110
1300
1260
1310
1710
653
935

1690
1410
1330
807

1480
719

1340
1300
1290
1120
1130
1050
667

1200
1110
1110
1080
1100
1100
725

1300
1230
1640
1400
1240
1390
621

1360
1440
1580
1430
1370
1620
1440
1580
1490
1590
1530
1510
793

1510
1500
1510
1540
1560
1570

1650
1390
1420
1930
1900
1970
710

1890
1490
1860
1950
1910
1830
1460
1610
1540

1913 January

YEAR MONTH DAY
1912 December 3

4
5
6

2
3
4
5
6
7

1915 March

0F5
1350
1940
1920
1740

760
1270
1590
1670
1250
1200
1270

1 2010
2 2010
3 1990
4 2060
5 2030
6 2030
7 656
8 1970
9 2260

10 2100
11 2120
12 1950
13 1890

November 1 2880
2 3210
3 3350
4 3160
5 3200
6 2910
7 740
8 2090
9 3090

10 4290
11 10300
12 9630
13 10900

20 1650
21 1960
22 2070
23 2140
24 2300
25 3090
26 763
27 2240
28 2590
29 3040
30 4290
31 5030

1 8740

17 1630
18 1800
19 1740
20 1880
21 1640
22 2120
23 617
24 1S40
25 467
26 1560
27 1430
28 1400
29 1770
30 865
31 1830

1 1580

1916 March

April

1917 December

1918 February
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YEAR MONTH DAY
1918 February 2

3
4
5
6
7
8
9

18
19
20
21
22
23
24
25
26
27
26

July 15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

August 1
2
3
4
5
6
7
8
9

10
September 9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

October 1
2
3

0F5
1600
800

1540
1930
1850
1790
1700
1720
1980
1980
1600
1680
1620
2220
700

1690
1830
1700
1860
1440
1820
1800
1510
1690
1720
645

1740
1640
1750
1640
1590
2090

603
1590
1930
1950
2040
2550
1840
705

1540
1640
1460
1540
1600
1460
2320
1940
1760
1920
1930
1760
712

1650
1720
1580
1770
1570
1620
660

1550
2000
1390
1280
1480
1580
1020
1770
1600
1430
1300

YEAR MONTHDAY
1918 October 4

5
6
7
8
9

10
11
12
13

1920 January

0F5
1360
1540
726

1380
1270
1180
1540
1190
1890
1350

1 925
2 2850
3 2580
4 645
5 2760
6 2120
7 2180
8 1700
9 1800

10 2250
11 753
12 2210
13 2040
14 2010
15 2050
16 1980
17 2070

December 13 2690
14 3280
15 2580
16 2690
17 2260
18 1730
19 703
20 1760
21 1770
22 1980
23 1730
24 1470
25 1030

24 2640
25 2020
26 1530
27 1950
28 1860
29 1790
30 790
31 2070

November 1 1880
2 2070
3 2070
4 1820
5 1650
6 1020
7 2230
8 2080
9 1910

10 1600
11 870
12 1350
13 760
14 1380
15 2040
16 1290
17 1100
18 1220
19 1470
20 1130
21 1380

1921 October

YEAR MONTH DAY
1921 November 22

23
24
25
26
27
28
29
30

December 1
2
3

1922 January

1924 January 14 1300
15 1430
16 1560
17 1480
18 1300
19 1700
20 ess
21 1480
22 1320
23 1350
24 1340
25 1120
26 1520

February 25 1580
26 1820
27 1840
28 1500
29 1420

March 1 1900
2 595
3 1880
4 1680
5 1640
6 1640
7 1640
8 1780

November 21 2920
22 3080
23 1200
24 3030
25 2390
26 2800
27 635
28 2640
29 2500
30 770

CFS
1410
1700
1180
1980
1700
780

2150
2330
1920
2180
1810
1550

16 1750
17 1680
18 1710
19 1710
20 1870
21 1480
22 800
23 1510
24 1260
25 1810
26 1510
27 1610
28 1390
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1925 January

YEAR MONTH DAY
1924 December 1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

1
2
3
4
5
6
7
8
9

10
11
12
13
14

15
16
17
26
27
28
29
30
31

February 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

0F5
1350
1190
1600
2060
1960
2570

617
2410
2330
2360
1740
1630
2640

661
1990
2090
1970
1680
1680
1790

778
1100
1520
613

1300
1170
1210
1420
1480
1400

592
1730
1780
1280
1440
988

1570
1500
1630
1520
1620
1240
1540
779

1440
1600
1460
1470
1470
1720
472

1880
1650
1650
1740
1550
2000

649
2110
2130
1740
1670
1480
1530
549

1600
1610
1420
1420
1520

YEAR MONTHDAY
1925 February 28

March 1
2
3
4
5
6
7
8
9

10
11
12
13
14

September 14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

October 1
2
3

November 9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

December 1
2
3
4
5
6
7
8
9

10
11
12
13
14

crs
1700
633

1800
1530
1450
1450
1370
1790
616

2060
2610
2770
2500
2800
2980
1600
1440
1490
1410
1440
1290
616

1390
1640
1550
1520
1270
1500
776

1550
1780
3130
1290
1170
1460
1460
1420
1560
1560
1760
1970
795

2210
1820
1790
1870
1790
1730
619

1690
1530
1270
580

1570
1530
639

1470
1250
1270
1600
1440
1580
704

1350
1300
1500
1460
1390
1600
499

1860

YEAR MONTHDAY
1925 December 15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

2
3
4
5
6
7
8
9

10
11
12
13
14
15
18
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

February 1
2
3
4
5
6

15
16
17
18
19
20
21
22
23
24
25
26
27
28

March 1
2

1926 January

CF5
1660
1720
1600
1510
1280
864

1530
1500
1580
1280
690

1440
891

1630
1340
1350
1180

756
1090
781

1220
1330
1390
1310
1210
1250
596

1380
1400
1130
1260
1290
1350
608

1330
1290
1320
1320
1270
1360
641

1200
1390
1380
1160
1230
1200
771

1340
1220
1 170
1270
1170
1220
1460
1540
1520
1500
1440
1510
786

1660
1570
1490
1410
1420
1500
741

1610
1510

79
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1927 November

YEAR MONTH DAY
1926 March 3

4
S
6
7
5
9

10
11
12
13
14
15
16
17
18
19
20

November 8
9

10
11
12
13
14
15
16
17
18
19
20
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

9
10
11
12
13
14
15
16
17
18
19
20
21

February 6
7
8
9

10
11

1928 January

CF5
1430
1580
1380
1690

-0
1470
1230
1510
793

1430
1470
1460
1500
1930
1950
3050
3420
3570
3470
3220
2650

668
3320
5670
5620
5940
3970
4530
2270
2260
2220
2420
2280
2270
640

2300
1800
1660
559

1670
2040

564
2380
2380
2550
1540
3740
2960

2360
2130
1860
1730
1710
2160
eoo

2410
2420
2080
2220
2020
2390
2130
1840
1840
1800
2190
2060

YEAR MONTHDAY
1928 February 12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

March 1
2
3
4
5
6
7
B
9

10
11
12
13
14
15
16
17

1929 January 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

2~-i
2?

30
31

February 1
2
3

-4

0F5
347

2380
2120
2330
2210
1960
2290
475

2540
2630
2070
1880
2050
1920
464

2410
2160
2010
1900
1930
1880
520

2310
2290
1900
1760
1360
1940
559

2730
2030
2040
1670
2030
2120

1350
3390
2820
2000
2250

588
2310
2170
2490
2250
2080
1990
497

2430
2250
2240
2340
2040
2160
405

2640
2420
2320
2110
2300
1990
260

2460
1920
2070
1880
1960
2070

262
2360

YEAR MONTH DAY
1929 February 5

6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

March 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

November 18
19
20
21
22
23
24
25
26
27
28
29
30

December 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

2450
2190
2040
2410
1860
806

2400
2710
2340
2230
2040
2070
270

2380
2390
2540
2290
2130
2100

275
2550
2380
2760
2010
2010
2340
204

2560
2200
2280
2350
2370
1860
179

3170
2900
2930
3340
3630
6190
3080
2980
2850
2710
1320
1110
533

1960
1980
2040
1130
2470
2450
673

1770
2170
2300
1870
2080
2000

651
2190
2410
2160
2080
2030
1950
607

2280
2320
2160
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YEAR MONTHDAY CF5
1929 December 19 1990

20 1930
21 1940
22 462
23 2360
24 2110
25 662
26 2250
27 2310
28 2280
29 427
30 2460
31 2460

1 741
2 2320
3 2220
4 2140
S 649
6 2410
7 2400
8 2140
9 2010

10 1850
11 1660
12 404
13 2100
14 1890
15 1940
16 1720
17 1560
18 1430
19 676
20 1890
21 1910
22 ieso
23 1670
24 1640
25 1750
26 683
27 1840
28 1860
29 1780
30 1610
31 1870

February 1 1840
2 509
3 1780
4 1830
5 1730
6 1830
7 1830
8 1880
9 624

10 2000
11 1950
12 1870
13 1820
14 1860
15 1860
16 426
17 1960
18 2050
19 1860
20 1920
21 2550
22 3260

March 17 3710
18 4350
19 4300
20 4480

1931 January

YEAR MONTH DAY crs
1930 March 21 4720

22 3640
23 632
24 3880
25 3340
26 2900
27 3340
28 3080
29 2130

December 15 2150
16 2130
17 2420
18 2080
19 1690
20 1640
21 771
22 1830
23 2200
24 1780
25 851
26 1830
27 1830
28 960
29 1990
30 2000
31 2010

1 849
2 1950
3 1820
4 766
5 2000
6 1780
7 1800
8 1760
9 1660

10 1660
11 783
12 1770
13 1770
14 1700
15 1750
16 1830
17 1530
18 794
19 1770
20 1790
21 1800
22 1730
23 1550
24 1330
25 738
26 1730
27 1730
28 1650
29 1660
30 1630
31 1360

February 16 1720
17 1890
18 2290
19 2220
20 2080
21 1550
22 622
23 1700
24 2100
25 2120
26 1960
27 2180
28 1440

1932 January

YEAR MONTH DAY CFS
1931 December 19 2110

20 825
21 2540
22 2820
23 2920
24 2200
25 699
26 2820
27 1320
28 2920
29 2830
30 2680
31 2350

1 947
2 2160
3 664
4 2060
5 1850
6 1780
7 1900
8 1480
9 1910

10 419
11 2060
12 2090
13 2310
14 2120
15 1980
16 2400
17 746
18 2030
19 2090
20 2180
21 2340
22 2100
23 2080
24 583
25 2080
26 2230
27 1930
28 1980
29 1800
30 401
31 1900

February 1 2140
2 1860
3 1540
4 1550
5 1460
6 1540
7 647
8 1580
9 1780

10 1650
11 1610
12 2150
13 916
14 423
15 2120
16 1720
17 1580
18 1470
19 1500
20 1570
21 412
22 1790
23 1470
24 1460
26 1860
26 1790

1930 January
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YEAR MONTH DAY
1932 February 27

28
29

March 14
15
18
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

April 1
2

November 14
15
16
17
~18
19
20
21
22
23
24
25
26
27
28
29
30

December 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

CFS
2030

596
2400
2620
1740
1600
1580
1660
1660
663

2220
1560
1690
1570
1470
1780
632

2260
2280
2490
2630
2350
2660
2140
1790
1550
1520
1720
1870
681

2030
2030
2030
1400
3280
1690
750

2070
1970
1810
1830
1630
1660
606

1810
1820
1920
1540
1370
1350
375

1260
1420
1390
1310
1230
1450
590

1490
1380
1430
1510
1300
1550
841
727

1860
1690
1500
1550
1860

YEAR MONTHDAY
1933 January 1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

February 1
2
3
4
S
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

March 6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

cFs
614
990

1840
1640
1420
1210
1440
815

1650
1590
1420
1450
1410
1250
584

1460
1570
1450
1.330
1340
1520
642

1650
1510
1450
1450
1380
1740
460

1740
1550
1530
1460
1440
1650

515
1620
1470
1390
1280
1220
1460
482

1460
1430
1240
1150
1210
1570
403

1650
1450
1400
1300
1290
1380
1970
2020
1780
1510
1570
1740
559

2060
1690
1780
1730
1870
2430

722
2350

1934 March

YEAR MONTH DAY CFS
1933 March 21 1700

22 1750
23 1480
24 1770
25 1900

November 1 1590
2 1720
3 1980
4 1930
5 790
6 2100
7 1970
8 2080
9 1750

10 1510
11 1190
12 896
13 1620
14 1280
15 1180
16 1100
17 1220
18 1570
19 697
20 1810
21 1740
22 1850
23 1760
24 1660
25 1830

12 2200
13 2080
14 2020
15 1870
16 1880
17 1610
18 799
19 2170
20 1980
21 2150
22 2000
23 2250
24 1840

July 22 990
23 922
24 878
25 893
26 812
27 826
28 726
29 745
30 726
31 751

August 1 783
2 808
3 743
4 719
5 776
6 762
7 735
8 735
9 855

10 771
11 759
12 762
13 757
14 750
15 755
16 746
17 748

82
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YEAR MONTH DAY CF5
1934 August 18 813

19 786
20 771
21 908
22 805
23 1130
24 1180
25 1120
26 1220

November 5 2480
6 2290
7 2400
8 2410
9 1900

10 2130
11 678
12 2440
13 2190
14 1700
15 1740
16 1560
17 1350
18 746
19 2580
20 2510
21 2570
22 2360
23 2690
24 3040
25 eao
26 2960
27 3380
28 3300
29 962
30 3490

December 1 3340
2 496
3 2070
4 1920
5 1860
6 2320
7 1600
8 1620
9 632

10 2360
11 2240
12 2580
13 2390
14 2320
15 2190
16 416
17 2420
18 2650
19 2340
20 2200
21 2010
22 2060
23 364
24 1700
25 795
26 3400
27 1790
28 1830
29 1700
30 669
31 1520

1935 January 1 569
2 2420
3 2160
4 1720

YEAR MONTH DAY
1935 January 5

6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

February 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

March 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

CF5
2070
246

2090
1980
1740
1720
1630
2090

179
2280
1790
1620
1570
1640
1610
223

2070
1810
1450
1490
1480
1730
502

2040
1750
1770
1630
1460
1650
549

1660
2120
1950
1760
1780
1880
471

2290
2080
1870
2100
1670
1820
493

2280
2210
1880
1860
1530
1710
565

2990
2370
211C
1710
1610
1630
373

2690
1690
1940
2000
2100
2050

420
2620
3000
2630
2230
2610
2810

1936 January

YEAR MONTHDAY
1935 November 25

26
27
28
29
30

December 1
2
3
4
5
6
7

19
20
21
22
23
24
25
26
27
28
29
30
31

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

February 1
2
3
4
5
6
7
8
9

10
11
12
13

OFS
2420
2860
3060
1490
2720
1740
778

2420
1630
1770
2060
2010
2710
2300
2180
1630
833

1780
1770
398

2140
2350
1580
129

2430
2S20

720
2700
2450
2090
239

2340
2130
1980
1840
2080
2180
674

2250
1610
1890
2240
2160
1570
669

2110
2020
2140
1880
1560
1670
487

1970
1760
1810
1740
1530
1460
207

2190
1740
1720
1480
1470
1610
611

1860
1570
1420
1480

83
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YEAR MONTH DAY c~s
1936 February 14 1510

15 1630
16 336
17 1780
18 1650
19 1510
20 1500
21 1410
22 1570
23 345
24 2090
25 1880
26 1690
27 1480

- 28 1400
29 1590

March 1 437
2 2010
3 2040
4 1760
5 1530
6 1810
7 1380
8 504
9 2030

10 2300
11 1980
12 1950
13 1710
14 2020
15 230
16 2620
17 2110
18 1880
19 1900
20 1900
21 2980

November 2 1090
3 1180
4 1330
5 1950
6 2320
7 2220
8 655
9 1980

10 2150
11 1910
12 2210
13 2090
14 2260
15 418
15 2200
17 2130
18 2640
19 2560
20 2630
21 2210
22 621
23 2470
24 2190
25 2080
26 545
27 1550
28 1300
29 551
30 2050

December 1 1780
2 1500
3 1590
4 1510
5 1260

1937 January

YEAR MONTH DAY CF5
1936 December 6 457

7 1750
8 1780
9 1410

10 1160
11 1410
12 1400
13 519
14 1740
15 1810
16 2480
17 1970
18 1880
19 1270
20 461
21 2720
22 2280
23 2080
24 1350
25 637
26 2180
27 696
28 3130
29 3560
30 1830
31 1950

1 790
2 2330
3 1630
4 1870
5 2380
6 2860
7 1960

18 2140
19 2060
20 2230
21 1700
22 1580
23 1600
24 665
25 1930
26 2080
27 2010
28 1830
29 1690
30 1620
31 783

February 1 1750
2 1990
3 1840
4 1750
5 1670
6 1770
7 943
8 1690
9 1750

10 1630
11 2170
12 2010
13 1490
14 130
15 1940
16 2000
17 1960
18 1840
19 1860
20 1600
21 107
22 1910
23 1760

YEAR MONTH DAY CF5
1937 February 24 2550

25 2260
26 1730
27 1560
28 653

March 1 2310
2 2190
3 1950
4 1950
5 1900
6 3340
7 1460
8 1710
9 1600

10 2390
11 2230
12 2210
13 2180
14 677
15 2460
16 2560
17 2230
18 1930
19 2070
20 1880
21 736
22 2750
23 2640
24 2540
25 2120
26 1930
27 2000
28 693
29 2980
30 2720
31 3210

April 1 3350
2 3570
3 5110

November 7 900
8 2300
9 2300

10 2420
11 2140
12 2320
13 776
14 1460
15 2530
16 2640
17 2370
18 2360
19 2400
20 2190
21 565
22 2200
23 2000
24 2020
25 366
26 2010
27 2720
28 1120
29 1970
30 1740

December 1 1830
2 1540
3 1940
4 1970
5 675
6 1850
7 2130
8 1680
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1938 January

YEAR MONTH DAY
1937 December 9

10
11
12
13
14
15
18
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

2
3
4
5
6
7
8
9

10
11
12
13
14
15
te
17
18
19
20
21
22
23
24
25
28
27
28
29
30
31

February 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

CF5
1590
1540
1740
495

1790
1540
1560
1830
1580
1710
259

1890
isso
1670
1740
1450
320
334

1850
1840
2100
2130
1830

733
742

1840
2030
2020
1770
1500
1440
727

1570
1550
1500
1650
1610
1390
743

1620
1470
1540
2060
1620
1470
576

1640
1750
1600
1590
1570
1600
646

1610
1690
1700
1690
1820
1480
695

1700
1780
1690
1750
1660
1580
528

1890
2500
1630

YEAR MONTH DAY
1938 February 17

18
19
20
21
22
23
24
25
26
27
28

March 1
2
3
4
5
6
7
8
9

10
11
12

December 5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

1939 January 9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

c Fs
1650
1560
1450

732
1660
1750
1820
1660
1660
1750
782

1680
2180
2190
2240
2150
1930
562

1830
1760
2040
2120
2490
1520
3060
2980
3280
2900
2840
2460

766
2540
3000
1170
1680
1940
1940
588

1990
2010
2190
2430
2200
2130
777

1520
2220
2750
2340
1990
1850
2980
3080
3030
3040
3080
3030
689

2340
2840
2550
2730
2620
2500
1010
2680
2640
2850
2540
2360
1960

YEAR MONTH DAY
1939 January 29

30
31

February 1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

March 1
2
3
4
..5
6
7
8
9

10
11

November 13
14
15
16
17
18
19
20
21
22
23
24
25

2
3
4
5
6
7
8
9

10
11
12
13
14
15

1940 January

C F5
720

1920
2870
2790
2540
2280
1850
710

2020
2170
2040
2160
2180
2110
534

2420
2150
2340
2300
1990
2190
425

2330
2280
2150
2150
1990
2130
448

2260
2270
2330
2290
2370
2540
340

2870
2480
2030
2070
2170
2060
2030
2130
2070
1880
1760
1660
696

1840
2140
2370
2220
2470
2220

1100
1500
1790
1640
1280
718

1600
1820
1830
1900
1740
1000
403

1310
1550
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YEAR MONTH DAY
1940 January 16

17
18
19
20
21
22
23
24
25
26

February 12
13
14
15
16
17
18
19
20
21
22
23
24

March 11
12
13
14
15
16
17
18
19
20
21
22
23

November 25
26
27
28
29
30

December 1
2
3
4
5
6
7

19
20
21
22
23
24
25
26
27
28
29
30
31

1941 January 27
28
29
30
31

February 1
2

cFS
1780
1720
1570
1620
871

1010
1510
1810
1410
1290
1270
1360
1900
1660
1660
1880
1810
674

1920
1800
1860
979

1770
1960
1950
1760
2410
1750
1790
2320
684

2240
1980
1830
1760
1990
1640
3330
3890
2930
3550
2460
2440
440

2190
2280
2580
2480
2560
2410
2450
1900
2430

993
2310
2120

713
2800
2540
2570
1180
2890
2530

2360
2250
2100
2070
1900
1940
702

YEAR MONTH DAY CFS
1941 February 3 2290

4 2290
5 2100
6 1920
7 2010
8 2090
9 648

10 2270
11 2120
12 2160
13 2040
14 2060
15 1930
16 582
17 2440
18 2300
19 1630
20 2200
21 2140
22 2060
23 816
24 2340
25 2200
26 2060
27 1940
28 1980

March 1 2140
2 487
3 2370
4 2000
5 1940
6 1930
7 1820
8 1840
9 671

10 2250
11 2410
12 2250
13 1850
14 1820
15 2100
16 574
17 2320
18 2300
19 2250
20 2060
21 1600
22 1950
23 671
24 2450
25 2200
26 2480
27 2170
28 1970
29 2270

18 1080
19 2240
20 2150
21 2450
22 1640
23 2080
24 296
25 1360
26 2310
27 2220
28 2030
29 1530
30 1330

December 6 1850
7 1790

1948 January

1949 November

YEAR MONTH DAY cFS
1948 December 8 1590

9 1780
10 2110
11 1520
12 480
13 2080
14 2120
15 1940
16 2370
17 1920
18 1560
19 1380
20 2250
21 2390
22 2250
23 2240
24 1010
25 1260
26 799
27 2020
28 2390
29 1770
30 1830
31 1560

28 2220
29 1880
30 2740

December 1 3490
2 2170
3 1310
4 604
5 1720
6 2140
7 2230
8 2500
9 2620

10 647
11 739
12 2260
13 2200
14 2230
15 2190
16 2380
17 8S6
18 1800
19 2440
20 2730
21 2530
22 2150
23 2040
24 760
2S 1000
26 799
27 2170
28 1880
29 1820
30 2180
31 842

1 1240
2 1600
3 2010
4 1960
5 1780
6 2120
7 786
8 1050
9 1940

10 1720
11 1720

1950 January
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YEAR MONTH DAY CF5
1950 January 12 2030

13 2130
February 12 1190

13 2060
14 2060
15 1900
16 2140
17 2270
18 732
19 1520
20 2660
21 2220
22 1970
23 2060
24 2160
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Appendix F. Months with mean flows less than or equal to 1 600 cfs over the
period of hydrologic record for the Lower St. Croix River at St. Croix Falls, WI.
Discharge data taken from USGS gage no. 53405000.

YEAR MONTH CFS
1910 Jul 1358
1910 Aug 1344
1910 Sep 1416
1910 Oct 1515
1910 Nov 1342
1910 Dec 1287
1911 Jan 1157
1911 Feb 1417
1912 Jan 1489
1912 Feb 1447
1912 Mar 1538
1912 Nov 1553
1912 Dec 1491
1913 Jan 1328
1913 Feb 1257
1914 Feb 1530
1917 Dec 1589
1918 Jan 1554
1921 Nov 1582
1922 Jan 1513
1922 Feb 1551
1924 Jan 1443
1924 Feb 1433
1925 Jan 1331
1925 Feb 1501
1925 Aug 1356
1925 Sep 1481
1925 Oct 1539
1925 Nov 1459
1925 Dec 1350
1926 Jan 1168

YEAR MONTH CES
1926 Feb 1307
1929 Aug 1556
1930 Aug 1233
1930 Sep 1325
1931 Jan 1562
1931 Aug 1519
1931 Sep 1384
1932 Feb 1538
1932 Jul 1307
1932 Aug 1165
1932 Sep 1344
1932 Oct 1380
1932 Dec 1395
1933 Jan 1341
1933 Feb 1311
1933 Jul 1222
1933 Aug 945
1933 Sep 1152
1933 Oct 1540
1933 Nov 1554
1933 Dec 1544
1934 Jan 1554
1934 Feb 1389
1934 Jun 1481
1934 Jul 1014
1934 Aug 839
1934 Sep 1402
1935 Jan 1583
1936 Feb 1455
1936 Jul 1303
1936 Aug 1274

YEAR MONTH CFS
1937 Dec 1551
1938 Jan 1457
1938 Feb 1568
1940 Jan 1433
1940 Feb 1567
1940 Jul 1592
1940 Sep 1598
1948 Sep 1409
1948 Oct 1452
1961 Aug 1561
1963 Feb 1533
1964 Jan 1563
1964 Feb 1514
1968 Feb 1586
1970 Aug 1495
1970 Sep 1554
1976 Aug 1475
1976 Sep 1292
1976 Nov 1569
1976 Dec 1492
1977 Jan 1488
1977 Feb 1456
1988 Jul 1345
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ADDENDUM A

Addendum A is provided as a supplement to the February 1995 report Instream
Flow Requirements of Quadrula fragosa and the Aquatic Community in the Lower
St. Croix River Downstream of the Northern States Power Hydroelectric Dam at St.
Croix Falls, Wisconsin, prepared by Shawn L. Johnson, Minnesota Department of
Natural Resources. This addendum contains information generated in the original
analyses but presented here as figures that were not included in the main report.
These figures summarize the composite suitability weighting factors, an index of
habitat suitability, of each cell along each of the three PHABSIM transects
established in the east channel at Folsum Island, Interstate State Park (Figure Al)
at dam releases of 800, 1600, 2400, and 3200 cfs. Flows are in multiples of 800
cfs because each of the eight turbines at the dam is capable of releasing 800 cfs
at its most efficient operational setting. From April 1 through October 31, NSP is
required to maintain a minimum dam release of 1 600 cfs; throughout the rest of
the year, they voluntarily maintain a minimum release of 800 cfs. At dam releases
of 800, 1600, 2400, and 3200 cfs there was approximately 10, 350, 900, and
1400 cfs flowing through the east channel (see Section 3.1.2 and Appendix A,
main report). All references to discharge in this addendum refer to the discharge
being released from the dam.

Based on the recommended application of PHABSIM, the lowest discharge that
could be reliably modeled in the east channel was 1130 cfs. Although 800 cfs is
below this recommended value, we did model the east channel at 800 cfs for
comparative purposes and have included these results in the following figures. We
believe that the modeling results at 800 cfs reflect actual conditions in the east
channel based on 1) visual observations of the channel at 800 cfs, 2) modeling
results at 1130 cfs, and 3) field measurements at 1 600 cfs.

To calculate composite suitability weighting factors, each transect was divided into
cells based on the location of verticals at which depth, velocity, and substrate
were measured (Figure A2). These habitat variables were measured at 1600 and
3200 cfs and simulated at 800 and 2400 cfs. Depth, velocity, and substrate
values were each assigned a suitability value between 0.0 and 1 .0 based on the
habitat suitability criteria developed for mussel density and species richness (see
sections 3.4.1 and 4.1 and Figures 5, 6, and 7, main report). A suitability value of
0.0 indicates the least preferred or least suitable habitat; a value of 1 .0 indicates
the most preferred or most suitable habitat. The three suitability values were
multiplied together to determine the composite suitability weighting factor for each
cell along the three transects at the four discharges. Also, the habitat type of each
cell at each discharge was determined based on the criteria described in section
3.4.4 of the main report.
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Results from this analysis suggest that the availability of suitable mussel habitat in
the east channel is strongly influenced by discharge. At a dam release of 800 cfs,
much of the east channel is dewatered and its wetted area consists of shallow,
slow moving water which provides poor habitat conditions for both mussel density
and species richness (Figures A3-A8). At 1600 cfs, most of the channel is
inundated but suitable mussel habitat is still limited, especially for mussel density,
due to shallow depths and low velocities. Of the four flows examined, 3200 cfs
provides the best habitat conditions for mussels. Because Q. fragosa was found in
habitat supporting dense, diverse mussel assemblages, flows that provide suitable
habitat for the mussel community should also provide suitable habitat for Q.
fragosa.

Discharge also influences the diversity of available habitat types, an important
factor governing the diversity of biota found within a stream. At 800 cfs, the east
channel Consists almost entirely of shallow pool habitat (Figures A9-A1 1). As flow
increases, habitat diversity also increases with 3200 cfs providing the most diverse
Conditions. Riffle habitat, which is very biologically important and productive
habitat, is absent at 800 cfs but abundant at 2400 and 3200 cfs. Other than in
the east channel, riffle habitat is scarce or absent in the other three channels
modeled (see section 4.2.4, main report).

The recommended run-of-river flow regime (see section 5.3, main report) would
increase the availability of suitable mussel habitat in the east channel over the
current peaking flow regime. Flows in the Lower St. Croix River typically exceed
5000 cfs during spring. Considering that the turbine capacity at the dam is 6400
cfs, little or no peaking probably takes place in spring. Flows range between 2000
and 4000 cfs throughout the rest of year, during which time peaking operations
can be expected. During peaking operations, discharge rapidly fluctuates daily
between impounding flows (e.g., 800 cfs during winter and 1 600 cfs during
summer) and generation flows (e.g., 6400 cfs). Consequently, flows between
2000 and 4000 cfs, which provide good habitat conditions for mussels in the east
channel, occur for only short periods of time as flows are rapidly rising or dropping.
These daily fluctuations in flow typically exceed even the most extreme natural
seasonal fluctuations. In the east channel, large areas of the streambed are
alternately dewatered and inundated on a daily basis. Even when inundated, this
“intertidal zone” is unusable habitat for many aquatic organisms, especially
relatively sessile animals like mussels which can not move with the rapidly
receding and advancing water. Natural flows of 1600 cfs or less occur infrequently
(see 5.3.1, main report). Therefore, the magnitude and frequency of dewatering
would be drastically reduced and the amount of suitable mussel habitat would be
greatly increased a run-of-river flow regime as compared to a peaking flow regime.
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WISCONSIN INTERSTATE
STATE PARK

Figure Al. Location of PHABSIM transects in the east channel at Folsum Island,
Interstate State Park, Lower St. Croix River, MN and WI.

3200

2400

Figure A2. Generalized cross-sectional view of a PHABSIM transect at dam releases of
800, 1600, 2400, and 3200 cfs. Depth (0), velocity (V), and substrate (5) were measured
in each cell at 1600 and 3200 cfs and simulated at 800 and 2400 cfs.
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TRANSECT ONE - MUSSEL DENSITY I

800 cfs --

1600 cfs

Figure A3. Cross-sectional view of composite suitability weighting factors for mussel density
at dam releases of 800, 1600, 2400, and 3200 cfs along transect one in the east channel at
Interstate State Park, Lower St. Croix River, MN and WI. Composite suitability weighting factors,
S~, were calculated using the multiplicative aggregation function S~ = Sd * ~ * Ss where ~j, Sy,
and Ss are mussel density suitability criteria values (range 0.0-1.0) for depth, velocity, and
substrate (see figures 5, 6, and 7, main report).
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TRANSECT TWO - MUSSEL DENSITYI

800 cfs

1600 cfs

2400 cfs

I)r)QQ cfs

- .~ ~ . .. -. - -

Figure A4. Cross-sectional view of composite suitability weighting factors for mussel density
at dam releases of 800, 1600, 2400, and 3200 cfs along transect two in the east channel at
Interstate State Park, Lower St. Croix River, MN and Wl. Composite suitability weighting factors,
S~, were calculated using the multiplicative aggregation function S~ = SCJ* 5~ * Sswhere &i, Sv,
and Ssare mussel density suitability criteria values (range 0.0-1.0) for depth, velocity, and
substrate (see figures 5, 6, and 7, main report).
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TRANSECT THREE - MUSSELDENSITYI

800 cfs

COMPOSITE SUITABILITY WEIGHTING FACTORS

0 0-2 2-4 .4-.6 .6-.8 .8-1

POOR HABITAT SUITABILITY ~ EXCELLENT

Figure A5. Cross-sectional view of composite suitability weighting factors for mussel density
at dam releases of 800, 1600, 2400, and 3200 cfs along transect three in the east channel at
Interstate State Park, Lower St. Croix River, MN and WI. Composite suitability weighting factors,
S1, were calculated using the multiplicative aggregation function S~ = S~ Sv* Sswhere Si, Sv,
and Ss are mussel density suitability criteria values (range 0.0-1.0) for depth, velocity and
substrate (see figures 5, 6, and 7, main report).
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2400 cfs

3200 cfs
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jTRANSECTONE- MUSSELSPECIES RICHNESSI
800 CfS

— I ——

1600 CfS
—

2400 CfS

II
3200 cfs

:II

I,
COMPOSITE SUITABILITY WEIGHTING FACTORS

0 0-2 .~ .6-~8

POOR HABITAT SUITABILITY “ EXCELLENT

II

—I

Figure A6. Cross-sectional view of composite suitability weighting factors for mussel species
richness at dam releases of 800, 1600, 2400, and 3200 cfs along transect one in the east
channel at Interstate State Park, Lower St. Croix River, MN and WI. Composite suitability
weighting factors, S~, were calculated using the multiplicative aggregation function
Si = $i~ Sv~ S5wtiere Si, S~.,, and %are mussel species richness suitability criteria values
(range 0.0-1.0) for depth, velocity, and substrate (see figures 5, 6, and 7, main report).
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TRANSECT TWO - MUSSELSPECIES RICHNESS

800 CfS

— — —— .— —~ —
—

-- - - -, I-. -~------.-- L .x...- ~

1600 CfS

~ -

2400 CfS
~

3200 cfs

— II II — —

Figure A7. Cross-sectional view of composite suitability weighting factors for mussel species
richness at dam releases of 800, 1600, 2400, and 3200 cfs along transect Mo in the east
channel at Interstate State Park, Lower St. Croix River, MN and WI. Composite suitability
weighting factors, S~, were calculated using the multiplicative aggregation function
S = * Sv * S3 where Si, S~, and S~ are mussel species richness suitability criteria values
(range 0.0-1.0) for depth, velocity, and substrate (see figures 5, 6, and 7, main report).
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TRANSECT THREE - MUSSELSPECIES RICHNESS~

800 cfs

• I-

—i

1600 CfS

Figure A8. Cross-sectional view of composite suitability weighting factors for mussel species
richness at dam releases of 800, 1600, 2400, and 3200 cfs along transect three in the east
channel at Interstate State Park, Lower St. Croix River, MN and WI. Composite suitability
weighting factors, S~, were cahulated using the multiplicative aggregation function

= Sj * 5~, * Ss where Si, S~,, and S~ are mussel species richness suitability criteria values
(range 0.0-1.0) for depth, velocity, and substrate (see figures 5, 6, and 7, main report).
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800 CfS

II 1600cfs
ii-

TRANSECTONE- HABITAT TYPES

I I

]

I I.

Figure A9. Habitat types present at dam releases of 800, 1600, 2400, and 3200 cfs
along transect one in the east channel at Interstate State Park, Lower St. Croix River, MN
and WI. Definition of habitat types is provided in section 3.4.4 of main report.
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1 TRANSECT TWO - HABITAT TYPES I

800 cfs

.1 -~

1600 cfs

2400 cfs

3200 cfs
~ U

Figure AIO. Habitat types present at dam releases of 800, 1600, 2400, and 3200 cfs
along transect two in the east channel at Interstate State Park, Lower St. Croix River, MN
and WI. Definition of habitat types is provided in section 3.4.4 of main report.
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TRANSECTTHREE- HABITAT TYPES~

I

Figure All. Habitat types present at dam releases of 800, 1600, 2400, and 3200 cfs
along transect three in the east channel at Interstate State Park, Lower St. Croix River, MN
and WI. Definition of habitat types provided in section 3.4.4 of main report.
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Introduction

Freshwater mussels (Family Unionidae) are widely distributed throughout
the United States. There are 44 species of freshwater mussels currently
on the federally endangered species list (Fish and Wildlife Service, 1991).
Despite this fact, there is little known concerning the factors which
control the distribution of these organisms, especially in flowing water
systems. Certainly factors such as surface geology, stream size, water
quality, substrate type, water flow, and food availability, among others,
are important in determining the community structure and population
dynamics of freshwater mussels (Strayer, 1983; Holland-Bartels, 1990).

In the past there nave been studies on the unionids in the St. Croix River.
Baker (1928) cited 15 species from the St. Croix River although he
classifies some species as statewide. Dawley (1947) reported 29 species
of unionids from the St. Croix River (in addition to 4 species found in
tributaries to the St. Croix but not in the river proper). Fuller (1978)
recorded 23 species of unionids from the St. Croix River at Hudson, WI.
Stern (1983) reported 14 species of unionids from a single site on the St.
Croix. Doolittle (1988) has conducted the most extensive study to date on
the distribution of unionids in the St. Croix River. Thirty-seven species of
unionids (including 2 only represented by dead shells) were reported by
Doolittle in the river proper. Quantitative studies by Hornbach (1992) at
Franconia, MN have indicated densities of 12 mussels/m2 at that site.
Semi-quantitative estimates by Doolittle (1988) gave ranges of 0.1 to
16.3 mussels/in2 in established beds in the St. Croix.

Of particular interest in the St. Croix River is the presence of two species
of endangered mussels, Lampsilis higginsi and Quadrula fragosa.
Lampsilis higginsi, while found in the St. Croix, is also found throughout
the Upper Mississippi River, albeit at low densities (Havlik, 1981; Holland-
Bartels, 1990). The winged mapleleaf, Quadrula fragosa, previously
distributed in 11 other states, is presently restricted to the St. Croix
River (Fig. 1).

Due to the highly restricted nature of Q. fragosa, the major thrust of this
research project was to investigate the factors which may influence the
distribution and abundance of this endangered species. In addition, efforts
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were made to characterize the mussel community associated with the
presence or absence of 0. fragosa.

Material and Methods
Study Site

The study site was located on the St. Croix River at Taylor’s Falls, MN, St.
Croix Falls, WI at Interstate Park (Fig. 2). There is an extremely diverse
and dense bed of mussels at this site (Doolittle, 1988). Heath and Miller
(pers. comm.) have indicated that the greatest number of Q. fragosa in the
St. Croix are found in this bed. This site is approximately 3.5 km
downstream of an NSP hydroelectric dam. This is a peaking dam and thus
greatly influences the daily flow regime at the sampling site. Figure 3
gives an example of the daily changes in flow that occurred just below the
hydroelectric dam during January-October of 1992 (data from USGS gage 5-
3405 at St. Croix Falls, WI.)

Mussel sampling

Mussels were collected by divers using SCUBA equipment. Fifteen
sampling sites were established for quantitative sampling (Fig. 2). The
sampling regime was set so that 5 sites (A-E) were arranged parallel to
the flow of the river in the middle (M) and along the east (E) and west (W)
shores of the river. The location of each site was recorded using a
Magellan NAV-5000 Geographical Positioning System. At each of these
sites a 2x5 m PVC grid was placed on the bottom of the river. Using this
frame as a guide 10 0.25 m2 quadrat samples were taken. All of the
substrate within the 0.25 m2 quadrat was removed and placed in a bucket.
The contents were then sieved and any mussels > 0.5 mm were collected.
Mussels were identified and their shell length (anterior-posterior
dimension), width (lateral dimension) and height (dorsal-ventral
dimension) was measured to the nearest 0.05 mm with a dial caliper. A
number of studies have indicated that shell shape may vary along the
length of a stream (e.g. Mackie and Topping, 1988). Therefore, since length
alone is not a good indicator of age, we made the measurements of shell
width and height.

To study changes in growth rate of mussels over time, we removed



3

samples of two common species (Truncilia truncata and Fusconaia flaVa)
from the river in order to examine both external and internal shell growth
rings. Since Neves and Moyer (1988) have indicated that in some species
external growth rings are not an accurate measure of age, we took a
representative size-range sample of mussels for these two species and
examined their internal growth rings as a check on the external ageing
method. This was accomplished by cutting the shell with a diamond saw
from the umbo to the ventral margin and then sectioning the shell (Neves
and Moyer, 1988). The length of the shell deposited each year was
determined my measuring the distance between adjacent growth rings.
This was accomplished by using a digitizing pad attached to a Macintosh II
cx computer, and utilizing Image software developed by Wayne Rasband
(National Institute of Mental Health).

At the location of the 10 subsamples taken at each site, the water depth
was measured with a calibrated rod, and water flow at the bottom and 0.6
depth was taken with a Marsh-McBirney Model 201 -D flow meter. The time
at which these measurements were taken was recorded so that flow and
depth could be correlated with discharge measurements from the USGS
gage.

When the quadrat samples were taken to ascertain the population density
of mussels, the buckets containing the mussels and substrate were sieved
and the wet weight of the substrate retained in each of five sieves (65,
57, 12.7, 6.35 and 0.5 mm openings) was obtained. From the weights of
these fractions the average particle size was determined (Lewis, 1984).

Water sampling

To determine the availability of nutrients to mussels water samples were
taken from the river. Samples were taken at the sediment water interface
and at 0.5 in above the bottom. PVC standpipes (2.54 cm in diameter) were
attached to a cement block so that the openings of the pipes could be
oriented upstream. One pipe allowed samples to be taken at the sediment-
water interface, while the other allowed sampling of the water column
0.5 m above the bottom. These pipes were connected by garden hoses to
diaphragm pumps which permitted samples of water to be pumped to the
surface. The time at which these samples were taken was recorded to
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allow for total suspended solids measurements to be adjusted for
discharge.

The amount of suspended solids in the water samples was determined by
APHA (1980) methods using Whatman AH934 glass fiber filters. Both the
total suspended solids as dry weight and the organic fraction of the total
suspended solids (assessed by loss on ignition) was determined.

Additional sampling for Quadrula fragosa

Based on the 150 0.25 m2 quadrats sampled, only 1 0. fragosa was found
(see results). In order to increase the number of samples in which we
found Q. fragosa, divers were instructed to visually search specifically
for the winged mapleleaf. Once a mussel was located, a float was placed
to mark the exact location of the discovery. The location was then
recorded with the GPS system and a 0.25 m2 quadrat was taken so that the
nature of the substrate and the mussel community in association with 0.
fragosa could be determined. In addition, the Water depth, flow and time
when these measures was taken were recorded as noted above. A total of
36 diver-hours were spent in this additional searching.

Additionally data provided by David Heath and Glen Miller for 0. fragosa
that they have collected in the St. Croix River, were used to examine the
age structure of the winged mapleleaf population at Interstate Park.

Data were also obtained from the USGS to examine the historical trends in
discharge at the Interstate site.

Statistical analyses

All statistical analyses were conducted with JMP Version 2.0 (SAS
Institute, 1989) using a Macintosh II ci microcomputer or on a VAX 4000-
400 using SAS (SAS Institute, 1982). Levels of statistical significance
were assigned at the 0.05 level.
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RESULTS AND DISCUSSION

Water Depth, Flow, Substrate and Total Suspended Solids Analyses

The exact locations of the sampling sites, the dates on which these sites
were visited, and various habitat characteristics for each site are given
in Table 1. There were significant differences in depth of the sites
examined (Table 2). The river is fairly shallow along the east side of
Folsom Island, where the majority of this study was conducted (Fig. 4A).
The river is deeper at the upstream end of the island (sites AE, AM and
AW). There is also a somewhat deeper channel along the most eastern
shore. Water velocity [whether measured at the sediment water interface
(Fig. 4B) or higher in the water column at the 0.6 depth (Fig. 4C)] varied
significantly among sites examined (Table 1) and was greatest at the
upstream end of the sampling site and along the east shore of this channel.
However, these flow data must be examined carefully since the rates were
measured at different discharge levels (Table 1). For example, at site CE
the water depth and flow at the bottom and 0.6 depth and was measured
on June 30, 1992 at 14:29 (UT), when the discharge was 1637.449 cfs. The
depth was 0.23 in, the bottom flow was 0.30 m/s and the 0.6 flow was
0.52 in/s. At 15:40 UT on the same day (about an hour later) the depth had
increased to 0.68 m, the bottom flow to 0.34 m/s, the 0.6 depth flow to
0.81 m/s and the discharge to 5210.075 cfs. Obviously there are great
fluctuations in river discharge (218.6% increase in discharge) but
interestingly with an almost 196% increase in depth and over a 56%
increase ih water velocity at the 0.6 depth, at the bottom, where mussels
are found, the water velocity only increased about 13%. Once the
hydrologic study that is currently being conducted by the Minnesota DNR at
this site is completed, it should be possible to estimate the actual range
of flows experienced by mussels at these locations.

Substrate composition was fairly similar throughout the study reach,
though statistical analyses indicated there were significant differences
among sites (Table 1- Fig. SA). The most obvious variant is the somewhat
finer-grained sediments found at site A. This is most likely due to the
greater depth in the region resulting in a depositional area for finer sands.
There was in fact a significant relationship (F=24.17, 1,149 df, p<0.0001)
between water depth and the size of the sediment (Fig. SB), with finer-
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grained sediments being associated with deeper water.

Figures 6A and 6B show the amount of total suspended solids and the
percent organic matter of the total suspended solids of water collected at
0.5 in above the bottom of the river. Figures 6C and 6D show similar
measures for water taken at the sediment-water interface. It is apparent
that there is variation among sites in both the total suspended solids and
the organic content of these solids (see also Table 2). It is also obvious
that there is a difference in the amount of total suspended solids in water
collected at the sediment-water interface or above this interface.
Generally there were greater amounts of suspended solids in the water
collected at the sediment-water interface (least square means for total
suspended solids as dry weight at the sediment water interface was 17.3
mgIL and only 11.3 mg/L for water taken 0.5 in above the bottom). An
analysis of variance indicated that the difference in total suspended
solids as dry weight between water collected at the sediment-water
interface or above was not quite statistically significant (F=2.9, 1,89 df,
p=0.09). We believe that the greater amount of suspended solids at the
sediment-water interface is due to transport of materials along the
bottom of the river. Much of the material in the suspended solids in
inorganic in nature (low percent organic matter) and is probably fine sand
(Hornbach, 1992). There was a significantly greater amount of total
suspended solids as ash-free dry weight in water taken from the sediment
water interface as compared to water taken 0.5 in above the bottom (least
squares mean for sediment-water interface=3.15 ing/L and for 0.5 in

above the bottoin=2. 17 ing/L; F=5.72, 1,89 df, p=0.02). This difference in
the amount of total suspended solids as dry weight between water from
the sediment-water interface and water taken above the bottom, coupled
with the almost statistically significant difference in total suspended
solids as dry weight, led to significant variations in the % organic matter
in the suspended solids. The amount of organic matter significantly
varied with the interaction between depth and location in the river, i.e.
upstream-downstream and east to west (F=1 370, 8,89 df, p<0.01). This
significant interaction meant that depending on location in the river there
may or may not be differences in the amount of organic content of the
suspended solids in the water taken from the sediment-water interface or
0.5 above this interface. This variability is most likely due to variation in
substrate type and flow which could lead to turbulence and the
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resuspension of deposited sediments. There indeed was a significant
relationship between the rate of flow at the 0.6 depth and the % organic
matter in the suspended solids collected at the sediment-water interface
(F=8.33, 1,12 df, p=0.01) and close to a significant relationship between
the % organic matter and the flow at the bottom (F=3.65, 1,13 df, p=0.08).
At higher rates of bottom flow there was a lowered percent of organic
matter in the suspended solids collected from the bottom. For water taken
from 0.5 m above the sediment-water interface there was a significant
relationship between depth and % organic matter of the solids from this
sample with water taken from shallower areas having a greater percent
organic matter (F=7.71, 1,13 df, p=0.02). However, there were no
significant relationships among water ve(o~ity or depth and other
measures of suspended solids the amount of suspended solids or the
percent organic matter of the suspended solids at the sediment water
interface (for water from the sediment-water interface: total as dry
weight vs depth, F=0.52, 1,13 df, p=O.48; total as ash-free dry weight vs
depth, F=0.002, 1,13 df, p=.97; %organic matter vs depth, F=1.78, 1,13 df,
p=0.21; total as dry weight vs bottom flow, F=0.75, 1,13 df, p=0.40; ash-
free dry weight vs bottom flow, F=0.23, 1, 13 df p=0.64; total as dry
weight vs 0.6 flow, F=2.26, df=1,12, p=0.16; total as ash-free dry weight
vs 0.6 flow, F=0.79 1,12 df, p=0.39; for water from 0.5 m above the
sediment-water interface: total as dry weight vs depth, F=2.36, 1,13 df,
p=0.1 1; total as ash-free dry weight vs depth, F=0.-68, 1,13 df, p=.43;
%organic matter vs depth, F=1 .78, 1,13 df, p=0.21; total as dry weight vs
bottom flow, F=0.04, 1,13 df, p=0.85; ash-free dry weight vs bottom flow,
F=0.02, i, 13 df p=0.89, % organic vs bottom flow F=0.16, 1,13 df, p=0.69;
total as dry weight vs 0.6 flow, F=.21, df=1,12, p=0.66; total as ash-free
dry weight, F=0.79 1,12 df, p=0.62; % organic matter vs 0.6 flow, F=1.52,
1,12 df, p=0.24). Thus it appears that there is a greater amount of
suspended materials at the sediment-water interface and that often this
material is fin sand, especially in areas’ of greater depth and/or greater
flow.

General Community and Population Structure

Based on the examination of over 1174 mussels in the 150 0.25 m2, we

found 29 species of mussels, including 1 specimen of the endangered
species, Quadrula fragosa (Fig. 7 - Appendix 1). The deertoe, Truncilla
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truncata dominated the community, comprising 58.5% of the mussels
found. All other species comprised less than 10% of the individuals found.

Doolittle (1988) found 31 species of mussels at Taylor’s Falls, MN. He
gave Fusconaia flava and Trundilla truncata as the dominant species at this
site. Doolittle (1988) showed that Actinonaias ligamentina, Fusconala
flava, Elliptio dilatata, Amblema plicata and Lampsilis radiata were the
most common and abundant species found in the river as a whole. Also
these species were often found associated with one another. He also
noted, however, that less common species, such as Trundilla truncata,
Quadrula metanevra and Tritigonia verrucosa are also found associated
with one another. At Interstate Park, we found T. truncata as the
dominant, with T. donaciformes, A. carinata and 0. pustulosa as abundant,
subdoininants. Thus at Interstate Park, there appears to be a unique
mussel community composition when compared to other reaches of the St.
Croix.

In Doolittle’s (1988) study of the St. Croix River, the Interstate site
harbored the most dense and diverse mussel community. Data from
Hornbach (unpublished) supports this result. On average we found 3.25
species of mussels per 0.25 m2 quadrat at the Interstate site. The mean
mussel richness (number of species per quadrat) varied significantly with
site of collection (Table 1 - Fig. BA). The maximum number of species per
quadrat was 10.

Doolittle (1988) collected two semi-quantitative samples from the
Interstate site (his relative abundance samples). In one sample he found
3.73 mussels/in2 and in the other, 16.3 mussels/in2. These values are much
lower than the overall average of 56.6 inussels/in2 that we found.
Part of the difference could be that we sieved the substrate for mussels
while Doolittle only removed mussels from the river without sieving the
substrate. There were significant influences of upstream/downstream
location and relation to the shore (E,M,W) in mussel density (Table 1). The
greatest density of mussels were found at the upstream end of the
sampling site and along the eastern shore (Fig. 8B). The size of mussels
found were not as influenced by location in the river (Table 1 - Fig. 8C),
although there was a significant interaction between the
upstream/downstream location and the relation to the shore (E,M,W).
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We believe that much of the variability in mussel community richness,
mussel density and size was due to differences in substrate type and
water depth. We found a significant relationship between the community
richness and sediment size (F=1 0.22, 1,149 df, p=0.0001; Fig. 9A) and
between water depth and richness (F=40.12, 1,149 df, p<0.0001). Figure
1OA shows that there was a significant increase in community richness
with depth. Figure 9B shows the relationship between the mussel density
and the average sediment particle size from each of the samples (F=5.01,
1,149 df, p=0.02). It is evident that mussel density was greatest in areas
of finer substrate. A relationship between sediment size and mussel
density was noted by Stern (1983) for sites in the St. Croix and Wisconsin
rivers. He found the greatest density of mussels in areas where there was
a mixture of sediment from mud through boulders (>64 mm), which would
include the gravel substrate in which we found most of our mussels.
Doolittle (1988) and Hornbach (1992) also found that the greatest
percentage of mussels in the St. Croix River were found in sand/gravel and
sand/rock or gravel/rock substrates. In areas with very fine sand (smaller
than that found in this study), Hornbach (1992) and Stern (1988) found few
mussels. At the other extreme, few mussels are generally associated
with extremely large substrates (e.g. boulders), thus the Interstate site
appears to represent a site with high quality substrate for mussel
populations. Thin shelled species are often found in greater density in
fine substrates (e.g. silt) [Ortinann’s (1920) “Law of Stream Distribution”
see discussion in Mackie and Topping (1988)] but many of the species
found at Interstate Park are thicker-shelled species. Mussel density was
also significantly influenced by depth (F=131 .04, 1,149 df, p<0.0001; Fig.
lOB), with greater numbers of mussels being found in deeper areas of the
river.

The average size of mussel collected was not significantly related to
substrate .size (F=O.59, 1,149 df, p=0.44; Fig. 9C). Nor was there a
significant relationship between mussel size and water depth (F=1 .34,
1,149 df, p=0.25; Fig. bC). It is interesting to note that while on average
there was an increase in the average size of mussel collected with depth
(Fig. 1 OC), the smallest mussels collected were only found in shallow
areas.

One hypothesis for the significant relationship between sediment size and
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density states that course substrates are indicative of stable habitats.
These stable habitats are thus inhabited by greater numbers of mussels.
One might also expect that there should have been significant
relationships among sediment size and mussel community richness and
average mussel size. This was true fo community richness (Fig. 9B) but
not for mussel size (Fig. 9C). Holland-Bartels (1990) and Duncan and Thiel
(1983) however noted no difference in the community structure among
different substrate types but did find that the abundance of mussels did
vary among sediment types.

In this study, there were significant relationships among water depth and
mussel density and community richness. Apparently, even if sediment
texture is conducive to mussel habitation, the depth of water is more
important in structuring mussel communities. The cause behind the
relationship between water depth and increased mussel density and
richness is not known. Its possible that higher summer temperatures in
shallow water or ice scouring in the winter may be responsible for the
noted distribution. It is also possible that differences in fish-host
behavior accounts for the noted distribution. The fact that more juvenile
mussels are found in shallow waters (Fig. 1 OC) even though density and
richness is lower in these regions (Fig. 1OA,B) may indicate that during
the summer these shallower regions are able to be colonized by juvenile
mussels, but during the winter either these juveniles die or migrate to
deeper waters. Mussel migration deeper into the sediment during the
winter has been documented (Amyot and Downing, 1991) but horizontal
movements appear to be in response to lowering water levels and not
cooler temperatures in the winter (van der Schalie, 1938).

A number of analyses were conducted to examine whether there was a
relationship between the amount of suspended solids and the mussel
population density or community richness. Few significant relationships
were found (Table 3). This could partially be due to the fact that water
samples were taken when water discharge varied greatly (Table 1). The
two interesting significant relationships that were found included
decreases in mussel density and mussel community richness at sites
where there was high organic content of the suspended solids collected at
0.5 in above the bottom. Whether or not this is a cause-and-effect
relationship or merely a coincidence is unknown. Since there was no
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relationship between mussel density and community richness and the
amount of organic matter in the suspended solids collected at the
sediment-water interface, a cause-and-effect relationship with water
collected 0.5 in above where the mussels are found seems doubtful.

Quadrula fraaosa distribution at Interstate Park

As mentioned earlier, only 1 0. fragosa was found among the 150
quantitative quadrats taken. Because of the lack of specimens, additional
searches were undertaken for 0. fragosa. An additional 10 Q. fragosa were
found (Table 4). The majority of the 0. fragosa found were taken from
between 0.5 and 1.6 m. These mussels were taken from the upstream end
of the bed at the level of the B sites (including BW and BM) and along the
eastern shore (especially near sites BE through DE). The other mussels.
found in conjunction with 0. fragosa were quantified (Table 4). The
mussel community found in conjunction with 0. fragosa was similar to
that found in the 150 quantitative quadrats (Fig. 11). A LogLikelihood
analysis indicated that in fact there was no significant difference in
community structure (X2= 31.3 df=1 ,1 266, p=0.26) between samples with
and without Q. fragosa.

Making other comparisons of the community data between quadrats with
and without Q. fragosa indicated there were significant differences in
mussel density (t=2.07, 159 df, p=O.O4; Fig. 12A), mussel community
richness (t= 3.70, 159 df, p=0.0003; Fig. 12B) and in the sizes of mussels
collected ~(t=3.09,1295 df, p=0.002; Fig. 13A). Even when examining a
single species, e.g. Trundila truncata, larger specimens of this species
were found associated with 0. fragosa than without 0. fragosa (t=2.12,
762 df, p=0.03; Fig. 13B). All of these differences indicate that 0. fragosa
is found in high quality mussel habitat. That is, 0. fragosa is found in
locations of high species richness and mussel density and in areas where
mussels can live to an old age (greater size).

Habitat characteristics of quadrats with and without 0. fragosa were also
made. Figure 14A shows that there were no significant differences in the
size of substrate in quadrats with and without Q. fragosa (t=0.25. 159 df,
p=0.80). This similarity was confirmed by examining the percent of
substrate found in each size category of substrate measured (Table 5).
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There also were no significant differences in depth between quadrats with
and without 0. fragosa (t=0.81, 159 df, p=0.42; Fig. 14B). There were,
however, differences in the flow both at the bottom (t=2.36, 154 df,
p=0.02) and at the 0.6 depth (t=1.94, 149 df, p=0.05) between quadrats
with and without 0. fragosa (Figs. 14C and 14D). These differences must
be carefully examined since discharge levels varied during the sampling
period (Table 4). However, as mentioned earlier, even when depth varied
by over 150% at one site, the bottom velocity only varied by 13%. This
may indicate that the differences noted in bottom water velocity in
quadrats with and without 0. fragosa may indeed be significant and
important.

Figure 15 shows the number of 0. fragosa born in varying years at
Interstate Park, based on data provided by Glen Miller and David Heath
(pers. comm.) and from the 0. fragosa collected in this study (Table 6).
The age of birth was estimated by back-calculation from counting growth
rings. The greatest number of individuals collected at Interstate Park
were born in 1984, with fewer numbers of mussels born in other years.
Figuie 16 shows the relationship between age and shell-length for the Q.
fragosa collected at Interstate Park. As expected, growth decreases with
age and thus the maximum shell length reaches an asymptotic value.
While there were insufficient numbers to conduct a meaningful statistical
analysis, it is interesting to note that there is a great deal of variation in
shell length for mussels of the same age (Fig. 16). This variation is not
necessarily dependant on the year in which the mussels were born. For
example, ~5year old mussels born in 1984 varied in length from about 30
to over 80 mm. The cause of this great degree of variation is unknown.
Even if the example just given is an extreme example, there appears to be,
at a minimum, a range of at least 10 mm in size for mussels of the same
age (Fig. 16). It is clear, however, that this variation in length does not
result from varying shell shape, for there is a very tight relationship
between shell length and shell height (Fig. 17; shell height = 5.73 .~ 0.80*
shell length; r2=0.97, F=2696, 1,75 df, p<0.0001). Consequently mussels
which show greater shell lengths are likely to have total greater bioinass
than mussels with smaller shell lengths.

To examine whether there were significant changes in mussel growth with
time for other species of mussels at Interstate Park, we aged 27 Truncilia
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truncata and 13 Fusconaia flava, other important members of the mussel
community (Fig. 7). As expected, shell growth decreased with age for both
species of mussels (Fig. 18). Utilizing analyses of covariance, with shell
length increase in a given year as the dependant variable, year as the
independent variable, age as the covariable, and allowing for
heterogeneity of slopes (age*year), we were able to examine whether
there were differences in growth (increase in shell length) among years,
when adjusted for the age of the mussel. Figure 19A shows that for
Truncilia truncata there were significant differences in growth rates
among years (F=3.79, 8,109 df, p=0.OOl), with especially reduced growth
in 1984 and 1985. Both of these values are, however, based on the
examination of only 5 mussels and must be interpreted with caution. For
F. flava most of the mussels examined were fairly young and we could only
reliably examine past growth for the years 1988 -1991 (Fig. 19B). There
was no significant difference in growth rates among these years (F=1 .01,
3,46 df, p=0.39). Apparently throughout the period 1985-1992 few Q.
fragosa were born, however growth rates for other species of mussels did
not seem to be significantly lower that for other years. Thus the reason
for the lack of apparent recruitment for 0. fragosa is not displayed in
other mussel species. It is possible that the factors that resulted in
reduced recruitment may not have expressed themselves in the growth
rates of other species. For example there could have be a reduced
availability of fish host for 0. fragosa in the late 1980s, and this would
not necessarily impact the growth rates of other species.

Historic patterns of Discharge at Interstate Park

There has been concern that changes in discharge patterns at Interstate
Park may be partially responsible for changes in the relative abundance of
0. fragosa Fortunately there is a good database available to examine
changes in discharge over time at Interstate Park. Figure 20 shows the
mean daily discharge levels for 1902-1991. The lack of data for the July
1905-Dec 1909 is due to construction of the dam which has been
functioning continuously since 1908. In the period 1902-June 1905 the
average discharge was 4961 cfs (range 251-23600) while for the period
1910-1942 the average discharge was 3339 cfs (range 75-35800) and for
the period 1943-1991 the average discharge was 4875 cfs (range 296-
53900). Figure 21 shows the average monthly discharge over the period
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1902-1991. From this figure it is apparent that there is a strong seasonal
change in discharge, with discharge levels greatest during the spring and
summer. From these monthly means, the deviation that each daily
discharge level deviated from its long-term monthly mean was calculated.
Figure 22 shows the deviation from the monthly means. This graph
accentuates that part of the reason for the low average in the 1910-1942
period was the low flow during the dust-bowl period of the late 1930s
(Fig. 22). Also there was a period in the late 1980s of low water levels.
Unfortunately there is no historical data on the relative abundance of 0.
fragosa in the St. Croix River and thus we do not know whether the present
levels of the winged mapleleaf found in the river are representative of
historic levels.

Fuller (1974) points out that waterways below dams will occasionally dry
out and that most mussels experience difficulty in escaping the
consequences of falling waters. Some species are apparently able to
withstand desiccation for short periods of time, but long periods of
exposure are lethal. Fuller (1974) also states that some species of the
mobile Lampsilinae are capable of moving to deeper areas as water levels
fall, but heavier-shelled forms must be resistant to desiccation in order
to survive. 0. fragosa is a heavier-shelled mussel and thus the likelihood
that it will be able to escape low-water situations is poor. There has
Deen some concern that low water levels, especially in the winter could
reduce the number of 0. fragosa in the St. Croix. In the winter it is
hypothesized that under low flow conditions, ice scour could reduce the
number of, 0. fragosa. Little work has been conducted on the impact of ice
scouring’ on mussels communities. Van der Schalie (1938) claims that
there is no movement to deeper waters in winter. Both he an Amyot and
Downing (1991) indicate that the major response to cooler temperatures
is for mussels to burrow deeper in the sediments. Both of their studies,
however, dealt with thin-shelled forms inhabiting lake systems with
fairly fine sediments. The probability that a thick-shelled form like 0.
fragosa burrowing into the fairly course sediments found in the St. Croix
is most likely low.

To examine whether there is a relationship between the relative
abundance of various cohorts of 0. fragosa and low flow years we
calculated the number of days that the discharge in the river was below
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2000 cfs and what proportion of those days were in November-February
(when ice could be found) versus the rest of the year (Fig. 23). There are
historically a large number of years when a significant number of days
have mean flows below 2000 cfs. Figure 24 shows the period 1 967- 1991,
for which we have records for births of Q. fragosa (Fig. 15). It is apparent
that in the years 1976, 1988 and 1989 there were a fairly large number of
days with flows below 2000 cfs. When comparing these low water years
with the years of birth (Fig. 15) it is obvious that there is not a one-to-
one correspondence between years of low water and reductions in 0.
fragosa births, although large numbers of 0. fragosa born in 1978, 1979
and 1984 do correspond to years with few days with discharges <2000 cfs.

Despite, this lack of one-to-one correspondence between low water years
and low levels of birth for 0. fragosa, it is still possible that varying
water depth does have a significant impact on the number of 0. fragosa
found. For example, as mentioned above 0. fragosa is only found in areas
of high quality mussel habitat. That is, 0. fragosa is found only where
there are high densities of mussels (Fig. 1 2A) and where there is high
mussel community richness (Fig. 12B). Figures 1OA and lOB show that
mussel communities in general are more dense and rich in areas of deeper
water. Doolittle (1988) also state that the greatest number of mussels
were collected in water around 2 m depth throughout the St. Croix. And as
shown in FIgure 11, since there is no difference in mussel communities
with and without 0. fragosa, one might expect if water depth was
somewhat deeper on average, they may be greater potential habitat for 0.
fragosa at Interstate Park.
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Table 1. Locations of sampling sites at Interstate Park, and physical characteristics of these
sites at the time of sampling.

SITE LATITUDE LONGiTUDE DATE Average
Depth
(in)

Average
Bottom
Flow

(m/s)

Average
0.6 Flow
(mis)

TIME
(UT)

U~3S
Discharge

Height
(ft)

Discharge
basedongage

height
(cfs)

AW
AM
/~
BW
BM
BE
~4
~
~

DW
DM
~
~

EM
~

45023.87

4502374

45o~37Q

4502374

4502377
45~23.66
450~3~4

45O~37Q

450~3~~

4502358

4502359
4502360

45023.54

4502354
45023.52

92039.56

92039.59

92039.53

92039.62

92039.59
92039.63
92039.76

92039.88

92039.71

92~39.82

92032.79
92~39.76

92039.97

92039.92
92039.91

7/1/92
6/24/92
6/24/92
6/1 8/92
6/1 9/92
6/30/92
6/17/92
6/17/92
6/30/92

6/9/92
6/4/92
6/25/92
6/23/92

6/23/92
6/25/92

2.50
2.50
1.60
0.70
0.66
0.94
0.74
0.48
0.23

0.25
0.54
1.60
0.60

1.27
1.60

0.167
0.139
0.203
0.339
0.308
0.280
0.139
0.194
0.302

0.057
0.088
0.210
0.241

0.231
0.197

0.403
0.371
0.403
0.663
0.598
0.672
0.288
0.384
0.515

0.125
0.123
0.529
0.602

N/A
0.507

14:05
14:46
18:31
14:29
16:38
16:25
14:38
15:58
14:29

14:23
15:02
15:24
18:38

15:45
20:10

4.08
3.82
4.37
3.71
3,81
4.09
4.42
3.22
2.64

2.61
2.64
4.10
4.38

3.86
4.37

5180.842
4430.015
6062.219
4127.117
4402.017
5210.075
6221.245
2853.310
1637.449

1584.785
1637.449
5239.394
6093.855

4542.956
6062.219



Table 2. F-values from analyses of variance with various habitat and community parameters as dependent variables and the location in the stream
(upstream-downstream, east/west/middle location and their interaction) as Independent variables, in all cases (except where noted)
the F-values given are statistically significant at the 0.05 level.

INDEPENDENT
VARIABLES

DEPENDENT VARIABLES

— — — —— — — — —
Depth

1 Sediment Bottom flow1 0.6 depth Totat % Organic Total % Organic Richness1 Density1 Shell Length’
size1 flow1 suspended matter in suspended matter in

solids - 0.5 TSS- 0.5 m solids - at TSS- at the
m above the above the the sediment sediment

bottom2 bottom2 water water
Interface2 interlace2

upstream-
downstream

12760.2 12.61 93.96 536.42 1 .6 4.37 O.6~ 13.27 8.98 33.95 1 .38

east/west/middi
e

671.2 8.18 24.32. 205.39 o. i~ 7,05 2.67 10,69 2097 27.87 1 .90

interaction 2498.2 36.1 18.82 95.51 •o~ 3.98 o.ee 12.77 8.63 13.19 3.13t
1 degrees of freedom - upstream-downstream 4, 149; east/middle/west 2, 149; interaction 8,149.
1 degrees of freedom - upstream-downstream 4, 44; east/mIddle/west 2, 44; interaction 8, 44.
not significant at the 0.05 level

tdegrees of freedom for interaction term 7, 149. Since no mussels were found at site EW, tests of signlticance are difficult to ascertain. The interaction term was significant while the main
effects were not statistlcatly significant.



Table 3. F-values for the relationship between various measures of the amount of suspended
solids in the water column and mussel density, mussel community richness and

length. All values are not statistically significant unlesss otherwisemussel shell
indicated.

Total total % organic Total total % organic
suspended suspended matter of suspended suspended matter of

solids as dry solids as ash- suspended solids as dry solids as ash- suspended
weight -0.5 free dry solids -0.5 in weight- at free dry solids - at
in above the weight - 0.5 above the the bottom2 weight - at the bottom2

bottom1 in above the bottom1 the bottom2

Mussel Density
bottom1

3.17 0,34 889* 0.48 0.63 0.38
Mussel Community 2,39 0.03 5•99* 1.46 4,21 0.17

Richness
MusselSize 0,28 0,95 0,39 0,27 491* 0.23

11, 41 dC
2i 44 df

indicates statisitcally significant at the 0.05 level.

DEPENDENT
VARIABLES

INDEPENDENT VARIABLES



Table 4. Collection data ror the 10 Quadrula fragosa found in searches made spaciticaity for Ibis species.

DATE Latitude Lce,gltude TIME OeCHAFS3E
ICESI

DEPrH
ltd

FOTTC9~t
FLOW irn/si

05 DEPTH
FLOW im/SI

AOE (Fri YEA/I~
SIFITH

LE43TH
mini

WiDTH
immi

HE/C2{T
immi

NUI~flEF1 OT
SPECIES
F{X#5)

ASScEL~JED
WITH 0.
m41XeS4

TOTAL
C~NSIT~C9i

N8JSSELS
FOUND WfTH
0 FRAckTS4
INCLUOOJO
0 m400s4

SPECIES FCAJNO IN
ASsOUIATIC*IV.ITHO

F4/X1S~
1

I&IAN
SEOHu~NT
SIZE i~i

619192
6130192
7/1192
7/1/92

7111/92
6113/62
6120/62
6120/62
6/20/92
6120/92

4523.59N
45~23.55N
45~23 72N
45’23.72t4
45~23.72N
45~dS 62N

4523 70N
4S~23.72N
45~23 54N

8235.18W
82~39.53W
5V39.65W
9229 65W
9239.58W
•956 70W

8238.56w
8235.58W
82~39.57W

16:23 UT
19:14 UT
1824 Ut
1843 UT
18:32 Ut
t749 UT
14:53 UT
15:51 UT
17:31 UT
1833 UT

3026
5210
5327
5327
6370
3165

•

0.62
1 24
1.6
1.6
0 8

0 62
0.8
0 86
0 62
0.84

0 14
0 18
0.12
0.1S
0 04

.

0.23
0.53
036
0 39
0.16

13
15
15
12
9
5
3
5
5
6

1978
1977
1976
1980
1963
1867
1989
1966
1887
1986

73.33
71.2
74.5

70.05
69

34.6
17.15
44.85
36 7

96 19

44.45
42

42 55
38.1

38.55
22.85
10.7

28.75
23

33 95

66.15
88

70 35
64.55
82 3
32.48
15.05
40.15
34.15
53 95

4
4
4
4
4
4
4
4
4
4

28
26
64
64
52
38
46
40
64
60

ED,OM.3T1
AC,TV,2TT.TD.OP
OR.Ac,2cT,¶trt
2T0,20P, IITT

AO.AM,TV.LF.AP,TDLP 6TT
20M,2TT,2TOPF,cP

7T1.TD,AC.EL,P5
6TT,TD.OMTV

200,2T5.9TT,TDOR
127T ELTO

-2.71
-3.23
-3.18
.2 45
‘2 67
.1.57
-2.41
.2 60
-2 79
-3 12

I see Figure II r~ specie, designation.

snisain, data



Table 5. Substrate comparisons among
Quadrula fragosa.

quadrats with and without

Sieve size
(m m)

Quadrats with 0. fragosa Quadrats without 0. fragosa

Mean percentage
of sediment wet

weight

Standard
deviation of
sediment wet

weight

Mean
percentage of
sediment wet

weight

Standard
deviation of
sediment wet

weight
65 0.65 2.15 0.73 5.09
57 5.75 4.04 4.59 5.18

12.7 42.44 15.60 39.77 12.12
6.35 11.62 3.71 16.64 5.26
0.5 39.55 17.63 38.26 14.76



Table 6 - Information on Quadrula fragosa collected at Interstate Park.

Yearof collection Yearof Birth Agewhencollected Shell length(mm) Shell height(mm) Sourceof data

7119891 1967 22 83
19881 1968 20 78
19881 1968 20 82
1988~ 1968 20 911 76

MilIer/Heatht

70 Miller!Heatht

72 Miller/Heatht

Miller/lleatht

1989 1968 21 74L 65

791 69

Miller/Heatht

1989 1969 20 Miller/Heatlit
1989 1971 18 73 62 Mifler/Heatht

1991 1973 18 911 73
961 80

MiIler/Heatht

1991 1973 18 Miller/Heatht

1989 1975 14 90 72 Millerflleatht

1991 1976 15 74 68 Miller/Heatht

1992 1976 16 75 70Thisstudy

1989 1977 12 83 71 Mifler/Heatht

1992 1977 15 71 68 Thisstudy

1988 1978 10 551 58 Miller/Heatht

1988 1978 10 73 64Millerllleatht

1989 1978 11 69 63 Miller/Heatht

1989 1978 11 69 64 MiIIer!Heatht

1989 1978 11 71 63Miller!Heathf

1991 1978 13 67 58 Miller!Heatht

1991 1978 13 68 61 Miller/Heatht

1991 1978 13 70 61 MillerlHcathf

1991 1978 13 73 63 Miller/Heatht

1988 1979 9 58 S7lMiller/Heatht
62 Miller/Heatht1988 1979 9 70

1989 1979 lO~ 57

10 58

52 Miller/Heathi

1989 1979 54 Miller/Heatht

1989 1979 10 67 58 MillerlHeatht

1989 1979 10 72 65 Mifler/Heatht

1989 1979 10 73 62 Miller/Heatht

1989 1979 10 83 71 MillerlHeatht

1989 1979 10 831 68 Miller/Heathf

1991 1979 12 60 55 MillerlHeatht

1992 1979 13 73 68misstudy

1988 1980 8 60 55 Miller/Heatht

1989 1980 9 83 71 Miller/Heatht

1992 1980 12 70 6sThissmdy

1992 1980 12 72 66misstudy

1989 1981 8 58~

60

54 Miller/Heaiht

1989 1981 8 54 Miller/Heatht

1990 1981 9 71 63 MillerlHeatht

1991 1981 10 54 50 MillerlHeatht

Table 6 part 1



Table 6 - Information on Quadrula fragosa collected at Interstate Park.

Year of collection Year of Birth Age when collected Shell length (mm) Shell height (mm) Source of data

1989 1982 7 51 47~Miller/Heatht

1991 1982 9 54 50 Miller/Heatht

1988 1983 5 44 40 Miller/Heatht
1990 1983 7 54 51 Miller/Heatht

1992 1983 9 69 62 This study

1988 1984 4 291 28 Millerilleatht
1988 1984 4 35 35 Miller/Heatht

1988 1984 4 36 34 Miller/Heatht

1989 1984 5 31 30 Miller/Heatht

1989 1984 5 37 34 Miller/Heatht

1989 1984 5 381 37 Millerllleatht

1989 1984 5 39 37 MillerlHeatht

1989 1984 5 40 37 Miller/Heatht

1989 1984 5 40 38 Miller/Heatht

1989 1984 5 44 41 Millerllleatht

1989 1984 5 44 40 Miller!Heatht

1989 1984 5 45 42 Miller/Heatht
1989 1984 5 46 41 Miller/Headit

1989 1984 5 46 45 MiIler/Heatht

1989 1984 44~~~11er/Heatht

4SjMiIlerlHeadit

7ljMillerflleatht

71IMillerlHeadit

71jMiller/Headit

38IMiIler/Heatht

1989 1984 5 48

1989 1984 5 83

1989 1984 5 83

1989 1984 5 83

1990 1984 6 40

1990 1984 6 51 MillerlHeatht

1990 1984 6 54 50 Miller/Heatht

1990 1985 5 38 34 MilleriHeatht

1992 1986 6 45~ 40Thxsstudy

1992 1986 6 56 MThisstudy

1991 1987 4 19 14 Hornbach.1992

1992 1987 35 32jmis study

34(Thisstudy1992 1987 5 37
1992 1989 3 17 15 Thisstudy

treportedin draft
Q. fragosa
recoveryplan

Table 6 part 2



Quadrula fragosa distribution.
o Pre-1930 and recent subfossil records
• Recent (193 1-1991) records
? Possible sibling species.

From literature and some museum specimens.
Locations approximate.

I—..—

Compiled by DJ.Heath, Dec. 1991.
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Figure 1. Pastandpresentdistributionof Quadrulafragosa.
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Mussel community compositionat Interstate Park

Tritigonia verrucosa

Iruncilla truncata

Truncifla donac~formes

Quadrula quadruha

Quadrula pustulosa

Quadrula nodulata

Quadrula melanerra

Quadrulafragosa

Plug iola (Epioblasma) Iriquetra

Pleurobema santoxia

Proptera alata

Obliquaria reflexa

Obovaria olivaria

Lampsilis radiata saliquiodea

Ligumia recta

Lampsilis ovaIa yentricosa

Leptodealeptodon

Leplodeafragilis

Lasmgona compressa
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Fusconaja ebena

Ellipsaria lineolata

Cyclonaias tuberculata
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Figure7. Musselcommunitystructureat InterstateParkbasedon 150 0.25m2 quadrats.
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Figure 8. Mussels community structure at 15 sites, Interstate l~ark. A. Community jichness,
13. Ntirssel density, C. Size of mussels.
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Musselcommunitycompositionat InterstatePark, 1992
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Figure 11. Comparisonof themusselcommunityfound with andwithout Quadrulaftagosa
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Relationshipbetweenageandshell length in Quadrulaftagosa
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Relationshipbetweenshelllength
andshellheight in Q.fragosa
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AverageIncreasein shell length(mm)
for Truncilla truncata
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Figure 23. Number of daysdischargc
was below 20(W) cfs. A. total (lays fur
each year. 13. Potentially icc~covered
portions of the year. C. Generally ice-free
portions of the year.
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Figure24. Numberof days whenmeandischargewas< 2000cfsfor potentially ice-freeand
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Appendix 1 - List of species collected at Interstate Park

SITE JDATE SPECIES Shell Length (mm) Shell WidUt (mm) Shell Height (mm)

DM 6/4/92 AetwnaLscwznata I 70.8.3 29.57 44.66
DM 6/4/92Acb.onazscannata 2270 11.40 15.40

DM 6/4/92AcaonaLycarmata 57.85 24.50 3640
CM . 6/17/92Actwnais ean,uata 19.00 3-85 7.65

CM 6/17/92Achona~tca,-inata 2000 5.75 10.75

CM j 6/17/92Acaona,scm-ma?a 1985 5.30 9.85
CM I 6/17/92Actwnazs carmnata 18.25 510 10.05

CM 6/17/92Actwws cwi,uafa 41.55 13.45 24.25

CM 6/17/92Actwnazsewinata 32.95 10.60 18.70

CM j 6/17/92Acrwnazscw.,na?a 23.20 6.45 1265
6/17/92Actzona&s cwznaia 49.55 11.05 30.00

CW 6/17/92Acrzonau cw-znata 8.90 3.25 5.05
CW 6/17/92Actzonai.rewuala 46.10 17.50 28.95

CW 6/17/92Actwna’s cwmata 44.70 16.00 2515

BM I 6/18/92 Actwnazsew-wasa 39.90 1310 3110
BM 6/18/92 Aciwnais ow-maw 1530 4.00 8.30

BM 6/18/92Actzonazs(-anIle?’, 10.90 430 8.90
8W L 6/18/92AcaonazsOw-mat’, 2030 5.50 111.25
BW 6/18/92Actwnazsown’,?’,

BW1~ 6/18/92Actw,zauowinata

8W 6/18/92Acrzonaisow-mat’,

16.80 4.60 9.00
19.75 5.45 10.85

19.85 5.90 10.50
BW 6/18/92Acgwnazsow-u,’,?’, 1435 3.85 7.90
BW 6/18/92 Acdonau ow-mat’, 14.05 3.75 8.00

SW 6/18/92Aoaonazsow’w.aia 81.85 31.55 50.70
BW 6/18/92 Acrwnau ow-mat’, 71.25 27.70 45.80

EM 6/23/92Aoftonazscasmata 10.25 3.75 6.10

AE 6/24/92 Actzon’,uow-uzata 21.50 6.35 1215

AE 6/24/92 Actwn’,is ow~aata 19.85 5.20 10.35
AE 6/24/92Actwn’,~s ow-mat’, 22.50 630 13.50

AE 6/24/92 Acnmu ow-maw 1015 3.60 5.75
AE 6/24/92Acb.’,uaLsowsnata 20.55 6.10 10.45
AE 6/24/92Acaona~sowsnara 20.80 5.90 11.30

AE I 6/24/92Acrzonazsow-iRa?’, 31.95 10.10 17.60
AM 6/24/92Actzon’,z,nt’,rw.’,ta I 37.65 11.10 30.40

AM 6/24/92AeUopzauew-mnata 8890 44.75 74.55

AM 6/24/92 Actwn’,u ow-mat’, 4285 5.80 11.70
AM I 6/24/92 Acaciunsowinata
—I.

AM ± 6/24/92 Aenonaiscans’,?’,

10.90 4.05 6.35
21.90 4245

AM 6/24/92Actionais ew-mata 19.45 5.50 10.90
AM 6/24/92Actionais ow-mat’, 18.00 7.90 11.20

2015 4.00 10.70

DE 6/25/92 Arrwnazs ow-maw 70.50 29.70 45.85

DE 6/25/92 Acuon’,zs ow-mat’, 8.35 2.85 4.75
68.10 4110 53.15

DE 6/25/92Acuonatsew-mata 122.45 6220 88.95
DE 6/25/92 Actzonaisow-mat’, 38.45

EE 6/25/92Actwnazsow-mat’, 39.90
SE 6/25/92Actionau ow-*,ata 9.55

CE 6/30/92Actionaz.scw-b,at’,

CE 6/30/92AcizonaL? carisata 20.00
CE 6/30/92Action’, i cwjnaga 17.45

CE 6/30/92Actionait cw-jnaia
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Appendix 1 - List of species collected at Interstate Park

SITE DATE SPECIES Shell Length (turn) Shell Width (mm) Shell Height (mm)
CE 6/30/92Acuonaixow-mata 41.90 13.40 24.45
BE 6/30/92Actionais ow-mat’, 88.25 33.55 5375
BE 6/30/92Actionais ow-in’,?’, 10.40 4.15 6.50

BE 6/30/92Actionaisow-inat’, 105.15 43.85 68.35

BE 6/30/92Actwnaisow-mat’, 49.50 16.50 29.20
BE 6/30/92 Actzon’,u ow-mat’, 84.10 24.60 46.20

BE 6/30/92AozzonauowiRat’, 56.75 18.80 34.90

BE 6/30/92Actwn’,u ow-mat’, 20.00 4.90 10.40
BE 6/30/92Actwnassow-mata 79.20 35.00 5285
BE 6/30/92Achonoisow-mat’, 101.10 38.10 6260
BE 6/30/92Acrwn’,is cans’,?’, 1730 4.80 9.50

BE 6/30/92Actionais carinata 84.50 35.05 5210
BE 6/30/92Actionaz.t ow-in’,?’, 14.20 3.90 7.50

BE 6/30/92Aiasrnodontamarinat’, 67.40 36.55 34.60
BE 6/30/92Alasmodontarnar~zna?a 4530 17.50 - 2290
DM 6/4/92A,nbiein’, plicat’, 30.04 16.57 24.12
DM 6/4/92Amblemapiacato 26.80 15.40 23.45

DM I 6/4/92Amblanoplicata 63.80 3230 53.50
EM 6/23/92Amblemoplicata 11.20 550 9.20
DE 6/25/92Amblemapticata 22.55 14.65 20.40
DE 6/25/92Ambianaplioata 7.80 3.00 4.35

DE 6/25/92Amblem’,pltoata 21.50 12.85 18.85

DE 6/25/92AmblemapLicata 99.45 51.00 7280
DE 6/25/92A,nMan’, plicata 29.40 16.80 26.60
EE 6/25/92 piacata 21.15 1230 16.60
EM 6/23/92Alasinodora’,viridas 17.50 8.10 11.90
AM 6/24/92Alasmodonsaiaiiidis 9.75 3.35 575
BM 6/18/92Canuaoulinaparva 21.40 4.85 15.95

BM 6/18/92Canamcidinaparva 46.75 13.05 21.35
BW 6/18/92 Canaaculinaparva 34.45 1260 17.50
8W 6/18/92 C’,nasadinapan’a 34.50 12.10 17.00
8W 6/18/92 C’,na,oldinapaaCva 29.70 1135 15.65
EM 6/23/92 Caramoulina pan’a 28.35 9.00 16.25
AE 6/24/92 Canmoulinapan.a 15.10 5.75 8.95
AM 6/24/92 Carwacutina palva 1035 3.90 6.05

AM 6/24/92 Cananculinaparva 7.90 2.75 4.70
AM 6/24/92Carzazculinaparva 17.15 3.90 8.15

DM 6/4/92Cyctonaiasaaberculata 70.44 44.79 63.52

EM 6/23/92Cyclonazasaabercular’, 8275 47.00 79.60
AE 6/24/92Cyclonaw.satbercula?’, 74.25 39.90 7030
AE 6/24/92Cyolonawawberculata 84.40 48.15 80.25
AE 6/24/92Cycionoiosmberczdata 80.15 43.90 81.55
AM 6/24/92Cyclonaiastaberculata 9.95 5.80 8.60
DE 6/25/92 Cyclonajasaaberculat’, 16.90 10.05 15.35
AW 7/1/92Cyclonauzsbaberoui’,ta 12.60 7. 10.75

BE 6/30/92Cyolonaiasaiberozd’,ta 7480 46.80 65.90
BE 6/30/92 Cyoionauzttuberculat’, 86.80 43.90 79.55

E.M 6/23/92Eilzp?io dlitata 11.40 4.40 6.90
CM 6/17/92ElLiptia dilizata 41.90 11.35 20.25
CM 6/17/92Eli apt,’, dilitata 42.05 10.90 19.25
CM 6/17/92EJIiptio dilisata 43.60 12.05 20.10
CM 6/17/92h2liptio dilator’, 42.80 11.55 19.80

CM 6/17/92ElI(otiadilitata 46.90 12.05 21.40
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Appendix 1 - List of species collected at Interstate Park

SITE DATE SPECIES lSheU Length (mm) Shell Width (mm) Shell Height (mm)
CWJ 6/17/92Ellaptzo dzhtata 4730 17.15 21.60
CWJ 6/17/92EllaptzodIlila?’,

CW~6/I7/92 Eilzprzo dalalata

BM } 6/18/92ElI aprzodilalala

5130 12.45 23.00
52.50 14.70 27.05
36.05 9.75 1245

BW 6/18/92jEllapzzodilate?’, 88.50 29.60 46.85

BW 6/18/92lBhptaodzlalcla

EM 6/23/92 ElIapao duizlala

7030 23.45 36.00

119.05 40.00 59.20

6/24/92ElIaptw dalzta2a 92.40 31.65 4&70
DE 6/25/92Elhptao dalilata 71.20 22.75 36.10

DE 6/25/92ElI apizo dalilat’, 77.25 24.05 39.45
DE 6/25/92ElI aptac dali?’,?’, 58.30 15.50 31.90
SE 6/25/92ElIapacdalitat’, 118.15 34.10 57.80

SE 6/25/92ElIaptio dililata 52.80 1155 26.65
EE 6/25/92ElIapnodallas’, 118.50 39.90 58.85

SE 6125/92ElIapt,oehlagaz’, 94.00 29.10 56.20

CE 6/30/92Ellaptio dilhtata 53.05 1530 29.25
CE 6/30/92~ElLaptiodiliteta

CE 6/30/92jElliptiodiuitala

BE 6/30/92jEliapaodilhlata
BE 6/30/92lEilapnoditalata

57.90 15.25 28.15

53.55 15.20 26.05

81.20 2280 36.40
104.65 35.25 54.55

DM 6/4/92Ellapsanalamed-ala 55.21 24A0 43.23

DM 6/4/92El.lapsanalimedata 55.00 2930 47.40

DM 6/4/92ElIapswaalimedata 86.55 3530 74.90
DM 6/4192ElIapsanalimed-ala 27.60 19.50 19.90

BW 6/18/92Ellapsanahmedata 40.75 11.00 27.90
BV. 6/18/92Elhipw-zalimed-ara 16.50 11.05 5.50

EM 6/23/92ElI apsanalimedala 43.50 18.40 33.20

AE 6/24/92Filipsaria lined-ate 68.45 25.85 53.20

AE 6/24/92EJ.lapsenalamed-ala 7.70 3.45 5.25
AM 6/24/92Elhipsaria limed-ala I 34.70 10.25 30.05

AM 6/24/92Eliipsaria lined-ala 53.80 24.50
-t48.001 23.10

47.40

AM 6124/92Eli apsana lined-ala 41.80

DE 6/25/92ElI apsanalined-ala 33.1SJ 11.00

8730j 39.40
s3.45.j 2265
58.00 32.30

25.35

SE I 6/25/92Ellipsanalmed-ata 67.60

EE 6/25/92ElI ipsaria limed-ala 4255

SE 6/25/92 ElI psaaielimed-ma 53.70

CE 6/30/92Ellipsanalimedeta I 65.50 22.50 38.50
BE 6/30/92Elhipsanalimed-ala 87.40 39.60 7285

DM 6/4l92IFusconai’,chew’, 95.50 53.04 74.15

DML 6/4/92F,aoon’,i’, chew’,

EE 6/25/92F.acoraeia ebema

71.05 42.15 68.40

76.80 44.50 71.70

BE 6/30/92F~zscon’,iachew’, 63.00 36.30 60.30

BE 6/30/92 Fusoon’,zaebena 68.60 42.40 61.90

DM I 614/92Fusoonaaaflawa i 55.90 36.60 4675
DM 6/4/92IFuaoomeicflawa C

DM 614/92lFassoonaiaflava

DM 614/92lFassoonaiaflava

DM 6/4/92JFusoonaiefl*ava

DM lFassconaaaflaw’,

DM 614/92Faasconaiajhve

81.00 42.00 68.10
59.00 35.60 43.50
54.40 32.90 4610
61.00 31.50 51.50

55-35 35.10 4635

52.25 35.90 45.00
DM 6/4/92FassoonaiaJfave 44.85 40.20 30.60
DW 6/9/92Faacon’,iafla.~.a 20.00 13.25 17.05
DWj 6/9/92:Ftssconaiaflava 16.55 10.35 13.90
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Appendix 1 - List of species collected at Interstate Park

SITE DATE SPECIES
~ Fusconawflawa
CM 6/17/92Ftssoonaiaflaw’,

Shell Length (mm) Shell Width (mm) ShellHeight (mm)
16.50 9.20 13.45

21.50 13.25 17.80

CM 1 6/17/92Fusconaiaflaw’, 24.00 15.75 21.20

CM 6/17/92Fusoonahaflaw’, 24.30 16.20 21.25

CW 6/17/92Fusconaiaflaw. 27.05 17.15 2285

CW 6/17/92Fusconaiafl.wa 45.60 31.50 39.85

CW 6/17/92Fassconaiaflaw. 23.35 15.65 20.45

CW 6/17/92Fusconaiaflaw. 25.00 11.70 21.70

CW 6/17/92Faaconaiaflaw. 22.70 15.50 19.55

CW 6/17/92Fusconaicflaw. 24.25 15.75 2200

CW 6/17/92Fasscon’,a’,flawa 24.40 15.70 21.40

BM 6/18/92Fusconaicflaw. 45.00 30.40 41.35

BW 6/18/92Fassoonohaflawa 12.00 6.00 10.40

EM j 6/23/92Fassconaiaflawa 40.45 27.50 37.30

EMI 6/23/92Fassoonaiaflaw. 72.25 43.15 58.35

AE 6/24/92Fusconaicflaw. 18.00 10.15 15.80

AM 6/24/92Fusconaicflaw. 20.05 1120 1220

DE 6/25/92Fassoonaicflaw. 18.80 iLlS 16.35

DE 6/25/92Fusoonaicflaw. 20.60 11.60 16.95
SE 6/25/92Fusoonahaflaw. 30.00 20.45 28.90

SE 6/25/92Fassoonaicflaw. 18.80 13.00 17.65
SE 6/25/92Fassoonciaflaw. 17.30 10.20 15.15

SE 6/25/92Fassoonaicflaw. 16.85 9.40 14.40

SE 6/25/92Fassoonaicflaw. 18.60 11.10 16.45

10.901 14.70

18.501 13.05

11.65J 16.50

13351 24.20

SE 6/25/92Fassconaiaflaw. 17.05

SE 6/25/92Fuscomeicflaw. 14.45

SE 6/25/92Fusoor,aiaflaw. 20.15
AW 7/1/92Fassoonaicflawa 26.70

AW 7/1/92Fusconahaflaw. 9.70 4.50 6.95

CE 6/30/92Fusconahaflawa 26.70 15.70 23.10

CE 6/30/92Fusconazaflaw. 24.85 15.95 21.60

CE 6/30/92Fusoonaicflaw. 26.00 15.50 2240

CE 6/30/92Fusconca’,flaw. 28.80 16.95 25.20

CE 6/30/92Fassoonaicflaw. 26.00 15.50 2240

DW 6/9/92 Lasmigonacowreua 46.65 10.75 34.30

SE 6/25/92Lasinigoazacapressa 75.15 16.20 58.40

DM 614/92 Leptodeafragahss 11.10 3.08 6.56
DM 6/4/92Leptodeafragilis 20.68 6.10 11.70

DM [ 6/4/92Leptodeafragllis 13.95 3.45 7.84

DM I 6/4/92Leptodeafraglhis 20.85 6.50 11.10
DM 6/4/92Leptodeafragllas 14.40 4.00 8.30

DW 6/9/92Leptodeafragilis 14.20 330 7.95
DW 6/9/92Lep?odcafragl.it 16.00 3.75 10.10

CM 6117/92Lepwdeafragilis 51.15 1335 29.90
CM 6/17/92Lepladeafragihis 18.25 4.10 10.55

CM 6117/92Leptadcafragilit 49.80 15.90 31.25
CW 6117/92Leptadeafragilis 25.00 6.00 13.80

CW 6/17/92LeptodeafraglLis 16.90 5.20 9.20
BW 6/18/92Leptodeafragilis 24.00 6.25 13.60

EM 6/23/92Lep?odeafragilss 16.05 3.75 9.15
AE 6/24/92Leptadeafragihis 19.00 5.60 11.30
AE 6/24/92Leptodcafragihs 50.40 16.70 30.30
AE 6/24/92Lepeodeafr.gilu 23.90 6.40 1270
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Appendix 1 - List of species collected at Interstate Park

SITE DATE SPECIES Shell Length (mm) Shell Width (mm) jShdll Height (nun)
22.95 5.95j 1245AE 6/24/92Leptodeafragiis

AM 6/24/92Leptodeafragilis 2435 6.301 1240

DE 6/25/92Leptodeafragiis 122.00 3700 79.50

DE 6/25/92Leptodeafragiis 18.65 5.25 10.40
DE 6/25/92Leptodeafragilis 9635 29.90 59.45
DE 6/25/92 Leptodeafragilis 23.00 6.45 1220

DE 6/25/92Leptodeafragilis 10530 35.40 71.50

DE 6125/92Leptodeafragil,s 50.90 15.80 32.25

DE 6/25/92Leptodeafragihs 124.45 36.70 8210
SE 6/25/92Lepkadeafragilis 10.70 4.25 6.35

SE 6/25/92Leptodeafragiis 835 2.90 4.95

AW 7/1/92Leptodeafragiis 21.00 6.25 13.20

AW 7/1/92Leptodeafragilis 19.50 5.55 11.40

AW 7/1/92Leptadeafragilis 26.80 7.2.5 1640

CE 6/30/92 Leptddeafragihis 19.40 4.80 10.00
BE 6/30/92Leptadeafragiis 18.80 5.40 10.45

BE 6/30/92Leptadeafragiis 21.60 6.20 11.70

BE 6/30/92Lepto.deafragilzs 6810 23.15 41.25

BE 6/30/92Leptodeafragiis 109.60 35.10 65.95

BE 6/30/92Leptadeafragiis 54.25 1735 34.00

DW 6/9/92Leptade’, leptodcan 38.55 1245 30.75

DW 619/92Lw,apsilu ovata wemroos’, 71.70 35.50 54.95

BW 6/18/92Lampsihisowata ventroosa 98.55 47.65 68.10
SE 6/25/92 Lamps/Lisow’,?’, ventroos’, 11930 36.85 65.85
EM 6/23/92 Ltgwnzarecta 45.75 11.85 18.85
SE 6/25/92 Llgaanaarecte 7930 24.55

60.IoJ 14.50
47.9SJ 13.20

38.35
CE 6/30/92Ligumiarecta 28.30
CE 6/30/92 Ligiania recta 2245

BE 6/30/92 Ligwvua recta 99.60]

18.02

32.40 43.10

4.92~ 9.97

4.65 10.30

DM 6/4/92L.wnpsilis radiate siliquzode’,

DW 6/9/92Laa,apsilis radiata .tiliqui ode’,
OW 6/9/9~4Lamapsilisraadzat’, saliqanode’,

EM 6/23/g2lLanapsilasraduataszlaqwodea I

12.40
18.20 4.60 9.65

71.90 32.35 5215

DM 6/4/92 Ohowar,’, dwarz’, 61.77 39.20 55.68

EM 6/23/92 Chow’,,,’, divan’, 76.95 45.15 73.50

AE 6124/92Obovar,’,davaria 54.15 32.00 45.70
AM 6/24/92Obowan’, divan’, 56.85 33.70 46.20

AM 6/24/92Obovan’, d-wana 15.90 835 11.50
DE 6/25/92Obowar,’, olavar,’,

CVT 6/30/92Obowar,adtv,n’,

49.85 28.90 45.4570~5t
76.551
41.60[

46.00 60.00

BE 6/30/92Obowariadivan. 47.75 61.15
DW 6/9/92Obliqu’,rzarefl,.xa C 29.60 3625

BM 6/18/92Oblaqaaanareflex’, 30.95[

15.75

13.15 26.60

BM 6/18/92Obliquoriarefleza 13.95 8.15

BW 6/18/92Obllqaiariareflexa 41.90 3030 35.90

AE 6/24/92Oblaqasariareflex’, 47.10 30.25 38.65

AE 6/24/92ObI aquaria reflexa 2130 14.30 18.00

AM 6/24/92Obliquariareflesa 30.80 19.05 23.45

AM 6/24/92 Obliquanarefle.xa 30.15 18.95 24.15

EE 6/25/92 Obizquarzareflesa 37.15 24.50 30.70

SE 6/25/92Obliqaaariareflexa 22.30 1230 16.30
AW 7/1/92ObJzquariareflesa 27.60 17.45 22.60

AW 7/1/92Obliqagaria reflex’, 27.30 18.25 2270
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Appendix 1 - List of species collected at Interstate Park

SITE DATE SPECIES Shell Length (mm) ShellWidth (mm) Shell Height (mm)
AW 7/1/92Obliquariarefle.x’, 20.50 11.05 14.85

AW 7/1/92ObAiquara’, refle.xa 4&20 2230 34.80

AW I 7/1/92 Obliquaria reflex’, 2105 11.45 15.60

BE 6/30/92 Obliquariareflex’, 39.25 26.90 31.35
BE 6/30/92 ObAiqaaariarefle.x’, 31.30 11.25 26.40
BE 6/30/92ObAiquariareflex’, 29.20 16.65 24.45

DW 619/92Projnera alata 2330 8.15 2255
EM 6/23/92Proptera data 89.70 24.90 7695

EM 6/23/92Proptera data 73.45 20.80 69.40
AE 6/24/92Proplera alma 93.20 30.50 89.80
AM 6/24/92Propreraalata 163.55 57.05 117.30
AW 7/1/92Proptera data 152.50 40.65 94.55

AW 7/1/92Propter’, alata 136.50 39.05 90.00
AW 7/1/92Propteraalata 5810 15.50 3285

AW 7/1/92Propter’, data 116.35 26.10 97.90

BE 6/30/92Proptera data 31.10 7.75 2250
EM 6/23. ~ Pleuahe,n’,simiasi’, 7550 61.60 41.30

AW 7/1/92Pleuobe,naszrazma 33.75 2335 34.60

BE 6/30/92Pleagobem’,simioxi’, 56.55 39.50 50.90

DM 6/4/92 Plagiola (F.piablasana)friquefra 2930 15.41 19.72

DM 6/4492 Plagiola (4iablasma) trique~a 13.80 6.76 10.32

DM 6/4/92 Plagida(Eoioblamw) o’iqueb~a 23.25 12.64 15.70

DW 6/9/92 Plagiala (Epioblairn’,) t,ique~a 30.05 16.25 23.65
CM 6/17/92 Plagiala (Epiablasina) triqueaa 35.85 20.75 24.65

CW 6/17/92Plagiola (Epioblasma) rique~a 35.05 18.50 20.95
DE 6/25/92Plagida (E$oblasana)a-iqueaa 36.40 20.45 22.35
BE 6/30/92Plagiola (Epioblasina) t,ique~a 36.05 20.50 20.90

BE 6/30/92Plagiola (Epioblasma)zrique~a 20.85 1030 13.65

DM 6/4/92 Quadrulafragosa 72.09 43.61 65.90

DW 6/9/92 Qudtkadametanevra 42.60 27.20 40.15

CM 6/17/92 Qa~adrulametanewa 71.10 40.05 58.75
CM 6117/92Quadnalainelanewa 74.40 44.35 59.65

CW 6/17/92 Quadnalamelanewa 52.55 31.95 46.20

BM 6/18/92Qawdnslametar*evra 54.00 35.40 51.00

EM 6/23/92Quadndarnetanevra 56.50 35.55 51.45

AM 6/24/92Quadrula anelanewa 70.70 42.75 63.70

DE 6125/92Quadnalarnetanevra 44.80 28.15 39.20
DE 6/25/92 Quadazala,nelanevr’, 5135 32.70 46.55

DE 6/25/92 Qaaadruiamelanevra 6385 39.50 57.15

DE 6/25/92 Quadrulamelamewa 63.25 43.95 5944)

CE 6/30/92Quadrulametanevra 34.25 21.50 31.25
BE 6/30/92Quadnalametenewa 83.90 45.50 74.55

BE 6/30/92Qaaadnalametanewa 76.90 44.45 66.90

BE 6/30/92Quadndametanevra 64.25 42.80 59.50

BE 6/30/92Quadnalametamew’, 64.25 41.95 54.95
DM 6/4/92Qaaadndanodadata 20.65 13.05 18.70

DM 6/4/92Quadnalapusadosa 59.65 38.55 58.15

DM 6/4/92 Quadndapassaalo.sa 32.80 21.15 30.80

DW 6/9/92Quadnalapusadosa 32.15 19.00 29.35
CW 6117/92Quadnslapusaalosa 6.05 3.20 5.00

EM ~ III
Quadazalapusadosa

51.25 33.50 47.70

BW 66.60 43.20 61.55

EM ~ 7530 48.65 67.20
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Appendix 1 - List of species collected at Interstate Park

SITE DATE SPECIES Shell Length (mm) Shell Width (mm) Shell Height (mm)
EM 6/23/92Quadn~lapassladosa 75.05 49.85 69.10
EM 6/23/92Quadnalapustadas’, 19A0 11.45 1730

EM 6/23/92Quadnala pusladosa 34.80 22.45 33.00

AE 6/24/92 Quadaulapustulasa 43.05 27.40 4260
AE 6/24/92 Quadiulapustadosa 72.35 46.00 69.95

AE 6/24/92 Quad,ulap,sstad’,sa 13.85 7.50 11.90
AE 6/24/92 Quadrulapusladasa 44.70 28.70 45.00

AE 6/24/92 Quadnalaptaslulasa 76.85 44.25 69.45
AE 6/24/92Qaaadrulapusttdosa 16.55 9.85 14.35

AM 6/24/92Quadrislapustaslasa 64.45 32.85 67.00

AM 6/24/92 Quadrulapusiaalasa 29.60 20.20 29.60

AM 6/24/92 Quadrul’,pusadosa 47.35 30.95 44.60
AM 6/24/92Quadnalapusaalosa 53.15 3210 51.55

AM 6/24/92Quadndapuslul’,sa 31.10 20.45 28.70

AM 6/24/92 Quadrulapusad’,sa 49.40 31.00 45A9
AM 6/24/92Qaiadrulapassladosa 23.50 24.55 20.90

AM 6/24/92QJladrul’,pusbdasa 1635 10.55 14.65

AM 6/24/92Qaaadn~Iapusadosa 4610 31.00 43.30

AM 6/24/92Quadnslapustultzsa 52.75 31.35 50.00

AM 6/24/92Quadndapustaalata 42.60 29.05 4255
AM 6/24/92Quadrislapusiulasa 33.55 23.80 32.55

DE 6/25/92 Quadnalapusimalosa 46.50 32.25 45.10
DE 6/25/92 Quadnalapusadasa 40.60 27.85 37.80

DE 6/25/92 QuadruJapustadasa 23.60 13.85 20.40

DE 6/25/92Quadrulapusaalasa 35.45 37.10 54.50

DE 6/25/92Qaa.drul.paatadosa 37.65 24.50 33.20

DE 6/25/92QaiadndapusDAosa 62.55 37.10 60.30

DE 6/25/92Quadndapassiaalasa 18.15 11.90 16.70

SE 6125/92Quadndapusflalos. 19.55 1155 17.65

SE 6/25/92 Quadnalapassiadasa 15.70 ~.00 14.15

SE 6/25/92 Quadndapuzadosa 41.75 26.25 38.30

AW 7/1/92Quadrulapasstsslasa 23.75 1435 21.65

AW 7/1/92Quadrulapuslados’, 40.15 29.10 38.80
AW 1/1/92Qaaadndapassttdasa 18.00 12.10 17.00
AW I 7/1/92Qzaa’siapasstados’, 19.00 11.10 17.10

AW 7/1/92Quadarsiapusadosa 24.70 15.90 2265

AW 7/1/92Quadndapusadosa 12.95 7.10 11.25

AW 7/1/92Quadrula pustulosa 1 38.65 25.15 37.70

AW 7/1/92Quadrulapuslulosa 12.45 6.60 11.00

AW 7/1/92Qasadradapustaslosa 14.80 9.00 1280

BE 6/30/92Quadrida pusadosa 63.60 38.55 64.90

BE 6/30/92Qaaadndapumaalasa 47.45 28.35 4620

BE 6/30/92Quadrulapustadasa 46.80 24.80 43.00

BE 6/30/92Quadridapassadasa 79.80 40.95 74.15
BE 6/30/92Quadndapustadasa 43.55 28.25 40.60

BE 6/30/92 Quadradapusadosa 8295 44.10 84.15

BE 6/30/92Quadradapusadasa 16.00 9.80 14.00

BE 6/30/92Quadndaptsswlasa 40.65 26.55 39.45
AW 7/1/92Qaaadrulaquadnda 46.55 30.05 43.40

DM 6/4/92Truncihla donac~formu 22.60 12.60 16.20

CM 6117/92TriancaIla d’,nao#b’mes I 14.90 6.80 9.60
CM 6/17/92TrunodI’,donao~fw-,nex 17.65 7.20 11.00

CW 6117/92Triancilla donacifwme.r I 15.50 735 10.45
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Appendix 1 - List of species collected at Interstate Park

SITE DATE SPECIES Shell Length (mm) Shell Width (mm) Shell Height (mm)
EM 6/18/92 Truncjliadonac4forrnes 23.45 12.30 16.55

EM 6/18/92 TriinoilI’, donac4fonnes 19.95 8.05 13.65

EM 6/18/92Trunctll’, donac~for,nes 24.05 10.90 15.60

BM 6/18/92Truncilladonac~formes 22.10 13.50 1570

BW 6/18/92TruncilI’, d’,m.c4formes 22.40 1200 15.95

BW 6/18/92TawacilIa don.c(formes 23.85 13.40 16.70

EM 6/23/92TrunczUadomac~forines 2130 910 13.05

EM 6/23/92Truncalla doqac~forrnes 1935 10.00 12.50

EM 6/23/92 Trunczlla don.clfw-nes 26.05 15.55 17.85
EM 6/23/92Trua,cilla do,aac~f’,nnes 14.75 6.50 10.00

EM 6123/92Tnilad’,nac(forwaes 32.40 19.15 23.65

EM 6/23/92 Tna,cilla donac~formes 23.20 13.15 15.80

EM 6/23/92 Truncllla donao~formes 21.70 11.80 162Q
EM 6/23/92 Triazoilla danao~foarnes 2335 11.10 14.85

EM 6/23/92lrnancihladonao,forriies
6/23/92t Tna,oilI’, doawo(formes

24.60 17.75 13.80

EM 3030 16.25 21.15

EM 6123/92Tna,czlI’, donacy~orines 22.70 11.60 15.40

EM 6/23/92TnancalI’, donao
1formes 2235 13.40 16.40

AE 6124/92Truncili’, danao~forme.a 21.70 11.05 15.15
AE 6/24/92TruaacIlI’, donaczforw~es 2030 11.70 15.90

AE 6/24192TawacilI’, donacajormes 26.60 15.75 19.05

AE 6/24/92TnaacilIadonaojformes 24.60 14.10 17.85

AE 6124/92Tna,oilIa &muachfow’mes 30.80 16.80 23.35

AE 6/24/92TriinoilIa danac(formcs 16.50 730 10.60
AE 6/24/92Triinoilla daa,ac4farmes 28.80 16.90 20.95
AE 6/24/g2ITnmdlIad’,n’,o(foames 24.60 13.25 17.75

AM 6/24/92TriinoilIa d’,iuc~fonnes 29.05 15.10 26.35

AM 6/24/92[TnincilIa donacafoames 14.00

19.70j

19.60j
20.301

21.901

21.80f

21.20j

25.754

27.80

6.25 11.30

AM 6/24/92Trunoilla donaciforines 11.15 15.95
AM 10.95 15.40
AM 6/24/92I.~TnmoalIadonaoafonnes

~
6/24/92Trunczll’, doa,aciforme.s

11.70 15.20

AM 12.15 18.35

AM 12.20 17.55

AM 6/24192Truncill’,donacaforme.s 14.20 17.35

AM 6/24/92 Trunciil’, doaaacafoa’mes 14.75 20.40

AM 6124/92TruncalIa donacajor~nes 14.70 21.25

AM 6/24/92Truncuila danacafonnes 28.10 16.50 20.70

AM 6124/92TrurjoWa donacafonnes 20.40 14.60 18.65

AM 6124/92Trw’aoWa donao4fonnes 1935 14.85 17.55
AM 6124/92TnincWadonac4formes 39.15 18.00 26.10

AM 6/24/92TrunoWa domacafonnes 20.35 11.15 13.65

AM 6124/92Tna,oWa donacifonnes 12.95 14.55

AM 6/24/92TnjmcilIa donacifonnes 15.55
AM 6/24/92Truncill’, damacifoimes 15.40
AM 6/24/92TrainoilIa danac4fawmes 15.65

AM 6124/92TnauoilIa d’,madiroames 20.25

AM 6/24/92Tna.oilla da,aacifarmes 14.05

AM 6/24/92Tragmoilia domacafon,,es 14.20

AM 6/24/92TrumoilI’, donacifonnes 14.05

AM 6124/92Trw,cilla da,sac4fonnes 17.50

AM 6/24/92Trainoilia don.cifaemes 16.40

AM 6124/92Tna,.oilIa d’,nac4fannes 15.40
AM 6/24/92TrwaoWa donacjfonnes 17.50
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Appendix 1 - List of species collected at Interstate Park

SITE DATE ESPECIES Shell Length (mm) Shell Width (mm) Shell Height (mm)
AM ] 6/24/92 Trunoill’, donao(formes I 35.90 19.50 25.00
AM 6/24/92Truncilla donacaforme.r I 2780 14.75 1945
AM I 6/24492Truncill’, donacifonnes
—4
AM I 6/24/92(runoilla donac(fornies

AM 6/24/92 Truncilla donac(fonnes

AM 6/24/92TruncilI’, donaciformes

25.05 14.80 18.15

24.20 11.95 17.00

28.05 1630 20.05

24.50 14.70 16.85

AM 6/24/92 Truzacill’, donaciformes 28.40 15.20 18.55

DE 6/25/92Truncilladonac4formes 2535 1500 1715

DE 6/25/92Tnincllladonac4formes I 29.15 18.15 22.10

DE 6125/92Truncilla d’,aaaciformes 22.80 12.15 15.15

DE 6/25/92 Tru,aoill’, donaciforme.s 26.15 14.40 17.75

DE 6125/92TrumcilIad’,nacaforane.s 21.75 11.60 15.20

DE
4 6/25/92TruncilIa donac4fonne.s

DE 6/25/92 Tnincailadonaoaforines

24.40 10.05 17.75

22.90 12.90 16.95

6/25/92Trunoalla do,aaozformes 20.55 12.40 15.90
DE 6/25/92Triuiozil’, danaoaformcs 19.90 13.65

EE6/25/92Trunozila donacqfonnes 2030 11.10 14.15

SE 6/25/92 Trameillodonacajorine.s 21.65 10.40 14.60
6/25/92 Trunoilla dmaac4fonnes 18.75 8.65 12.75

SE 6/25/92Triawilla donac4formes 25.65 14.10 17.50
SE 6125/92TnazoilIadanacajonnes 15.65 7.20 11.20

SE 6/25/92Trunoilia donaciforrncs 24.70 14.50 17.70

SE 6/25/92TranacilI’,donacaformes 24.45 12.10 17.30
SE 6125/92TrwjcilIa donacifonnes 21.65 12.00 16.05
SE 6/25/92Truncillad’,,uac(formes 20.20 11.20 14.95

SE 6/25/92Trunoiila do,naciformes I 22.40 12.00 17.35

AW 7/1/92 Trumoilla donaciforme.s 21.10 11.80 15.80

AW 7/1/92Triancilla danac(forrnes 15.50 835 11.60

AW 7/1/92 Tawucill’, donac4foranes—I
AW 7/1/92 Truncilladonac(fonnes

23.80 13.50 18.45
19.80 12.40 15.40

AW 7/1/92Tauncihl’, dap.aoafonnes 20.80 12.85 16.45
AW 7/1/92Truncilla dauac4formes 31.20 15.70 20.70

AW 7/1/92Triincilla donacifonne.s 27.70 15.70 19.60

AW 7/1/92Tnanozlladonacaformes
A7WT 7/1/92Truncalladonacaformes

17.45 9.75 13.70
17.95 9.25 18.10

AW 7/1/92Tnincuila donaoaforme.s 23.70 14.151

12.50

17.20

AW 7/1/92JTrunoilla donac(formes

AW 7/1/92jTrunoiila donao4formes

AW 7/1/92 Truncill’, danacafonnes

AW~ 7/1/92 Trianotll’, danacaforme.s

AW~ 7/1/92 TrainoaLl’, donaoaforme.s
AW 7/1/92 Tnu,calla donacafonnes I

19.70 15.55

1935 10.35 14.00

25.60 13.25 18.25

26.75 13.75 18.55

21.25 11.80 15.20
19.00 10.95 13.70

AW 7/1/92 Triinoilla donaoafo,mes 1735 10.10 12.30

AW 7/1/92Tnincilladonac4foames 24.45 13.85 16.10

AW 7/1/92Triancilla donao(fonnes 39.15 22.90 26.35

AW 7/1/92TnancWa donac4fo~rrnes 30.00 18.10 20.55
AW 7/1/92 Tninoilia donacaformes 18.00 9.20 12.05

AW 7/1/92 Truncill’, donacafoarnes 35.40 17.50 23.50

AW 7/1/92 TruncilIa donaciformes 24.70 1435 17.40

AW 7/1/92 Truncilla domacifonazes 15.45 8.90 11.75

BE L 6/30/92Tnanczlladon.ciforme.s 17.60 8.90 12.90

BE L 6/30/92TrunczlI’, donacafonne.s 26.50 14.05 18.05
1DM 6/4/92Truncill’, ~uncata 41.88 28.62 38.50
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Appendix 1 - List of species collected at Interstate Park

SITE LDATE SPECIES JShell Length (mm) Shell Width (mm) Shell Height (mm)
DM 6/4/92 Truncilla manc’,la 1 2364 34.60
DM 6/4/92Truncillatruncala 26.56 16.62 22.50
DM 6/4/92Trwuczil’, ra-uracat’, 16.30 9.06 13.87

DM 614/92Trunoaila trunoata 33.54 18.85 2662

DM 6/4/92Truncailatruncata 18.14 1042 14.24

DM 614/92 Truncailamincata 20.75 11.55 16.00

DM 6/4/92 Truncill’, nuncala 49J0 28.85 39.38

DM 6/4/92TruncilIauiancata 37.45 2206 33.15

DM 6/4/92Truncalla truaacala 49.06 31.00 42.88

DM 6/4/92 Truncillaflun.cata 45.78 29.60 38.68
DM 6/4/92 Trunoall’, truncate 46.00 28.15 40.70
DM 6/4/92 Trunozllabunoata 39.97 22.24 31.85

DM 6/4/92 Truncallahuncata 34.04 1732 27.78

DM 6/4/92 Trw,call’, Inancata 4135 22.75 35.00

DM 6/4/92 Truncilla mmcata 58.30 3630 45.55

DM 6/4/92Tramoilla auncata 26.49 13.65 20.38
DM 6/4/92Truncillananoala 14.04 7.12 9.95
DM 6/4/92TrunoailabainCata 1434 875 12.51

DM 6/4/92Truncillamince?’, 42.84 29.34 3&57

DM 6/4/92Trimoallamaucela 41.06 21.92 33.45
DM 6/4/92Truncillatruncate 42.76 2357 34.17
DM 614/92Tauncallamabcata 38.95 2435 34.02

DM 614/92Tamoillatruncata 40.78 27.86 34.80

DM 614/92Triancilla truncate 33.46 20.87 29.10
DM 6/4/92Tnancallabmmo’,ta 43.60 23.00 33.55

DM 6/4/92Tauncilla tramoata 2730 14.90 20.30
DM 6/4/92 Triancilla truncate 45.45 26.50 40.85

DM 6/4/92 Tnaacillaaunc’,ta 42.20 23.75 35.40

DM 6/4/92 Taunoillatruncate 42.30 28.10 37.15
DM 6/4/92 TruncilIa trumc’,ta 38.25 21.40 30.65

DM 6/4/92 Trunciilatruncate 42.80 25.70 371
DM 1 6/4/92Truncillatruancata l8.70j

35.701

52.004

22.SOj

46.951

10.15 14.65

DM 6/4/92Truncillabuncata 21.80 31.50

6/4/92Tn—cilianuncala 31.60 39.75

DM__j

DM

614/92Tauncillaauncata 11.75 15.00

6/4/92Truncillatrunc’,la 29.75 40.50
DM 6/4/92Tn-cilia truncate 23.80~

38.65I

S0.90~

32.lOt

3430j
43.90j

12.151

14.00 20.05

DM 6/4/92 Trunciilamaacara 23.55 32.90

DM 6/4/92 Trunoallatraanoala 30.65 44.80

DM 6/4/92 Truncailatruncate 12.50 20.65

DM 6/4/92 Tnauciilatrunoata 20.70 28.00

DM 6/4/92Tnaaoiilatruncate 29.70 37.35

DM 6/4/92TrunoWanuncala 5.75 8.15
DM 6/4/92 Tn-cilIa truncate 19.70 ~ 9.75 15.20
DM 6/4/92TramoWabumoate 37.00 22.45 29.65

~DM 6/4/92Truncill’, tr,a,.cata 14.05 5.75 9.55

DM 6/4/92TruncilIa manoala 4030 27.85 35.60
DM 6/4/92Truncillamacala 23.15 1330 18.60

DM 6/4/92 Trunoilla truncate 40.50 27.25 36.30
DM 6/4/92 Trunciliamacate 3130 20.70 30.10
DW 619/92 Truncalla macala 41.85 22.75 34.60

DW 6/9/92 Trunoilla truncate 43.05 25.05 36.55

DW 6/9/92 Truncalla truncate 53.95 27.75 43.85
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Appendix 1 - List of species collected at Interstate Park

ShellWidth (mm) ShellHeight (mm)SITE DATE SPECIES 2ShelILength (mm)
6/17/92iTrzsncillamow’,?’, 1535 6.30 10.55CM

CM 6/17/92 Truncill’, manoata 14.70 11.85 10.35

CM 6/17/92 Trwzoiil’,msncate 12.20 6.10 8.75

CM 6/17/92 Tru,zczIl’,truncate 14.45 745 10.80
CM 6/37/92 Truncail’, macate 20.70 11.10 16.25

CM 6/17/92Truncalla macala 16.90 8.75 12.25
CM 6/17/92 Truncallamanoate 15.45 7.50 11.10
CM 6/17/92 TrunoWamacala 39.60 22.65 34.20
CMI 6/17/92

6/17/92
Truncilla truncate 16.15 7.80 11.40
TrunoWamacala 43.00 25.05 35.65

CW 6/17/92 Truncill’, truncate 40.70 21.60 33.75

CW 6/17/92 Truncilla truncate 41.25 19.85 30.65
CW 6/17/92 Truncilla truncate 15.70 6.85 109Q

6/17/92 Truncill’, maca?’, 1235 11.05 14.45

CW 6/17/92 Truncilla truncate 20.70 10.75 13.75

CW 6/17/92 Truncilla macala 35.55 1830 26.25
CW 6/17/92 TruzzozIl’,macas’, 12.30 5.85 8.45

BM 6/18/92Truzacallamacate 7.25 2.50 460
BM 6/18/92Trunozllamacate 22.95 11.90 17.55
BM 6/18/92 Truncallamacate 1230 9.45 14.05
BM 6/18/92 Trunozila macas’, 4620 25.40 39.05

BM 6118/92Truncilla macate 44.85 25.55 38.85
BM 6/18/92 Truncillamacata 15.25 8.40 1130

BM 6/18/fllTrunciilatraacata
6/18/92Truncall’, macate

24.45 13.40 21.10

BW 47.90 26.75 37.10
BW 6/18/92Trunculla macate 4415 26.10 38.15
BW 6/18/92T,unczlla trnaoata 40.85 23.50 34.65
BW 6/18/92 Truncill’, truncate 41.60 22.45 32.95

BW 6/18/92TruncW’, macate 39.00 2395 34.65

BW 6/18/92~TruacalI’,macate 37.00 20.40 31.00

BW 6/18/92Trzacilla truncate 18.40 25.15
BW 6/18/92TruncilIa macate 34.90 17.60 26.60
BW 6/18/92Truncill’, truncate 29.40 40.00

EW 6/18/92TruncilI’, macat’, 44.20 23.65 36.20
BW 6/18/92 Truncill’, macate 40.85 22.60 34.70

BW 6/18/92TrunoWamacate 10.90 8.10

BW 6/18/92 Truncill’, truncate I 39.40 2030 30.95
BW 6/18/92 TruncW’, macate 18.70 27.25

8W 6/18/92 Truncalla truncate 20.90 12.15 1695

8W 6/18/92 Truncall’, macate 23.80 12.65 18.05
BW 6/18/92 Tnaczlla macate 14.40 735 990

BW 6/18/92 Truncallamacate 44.10 22.25 34.10
8W 6/18/92 Trunculla mancate 52.10 29.90 43.65
8W 6/18/92 TruncaLla macate 45.95 22.75 34.50
8W 6/18/92 Tnaczllamacala 40.10 24.20 33.90

BW 6/18/92 Truncillamacate 38.55 21.10 30.45

BW 6/18/92 Truncill’, macate 20.35 1030 15.70

BW 6/18/92 macall’, truncate 50.75 27.20 40.70

8W 6/18/92 Truncallamacate 43.55 24.65 33.70

8W 6/18/92 Traacallamacate 32.50 20.80 28.23

BW 6/18/92 Tn-call’, macate 38.50 22.80 32.45
8W__j 6/18/92

BW 6/18/92

Truncilla macate 42.05 24.20 34.00

Truncill’, macate 18.20 9.60 14.75
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Appendix 1 - List of species collected at Interstate Park

SITE DATE SPECIES Shell Length (mm) Shell Width (mm) Shell Height (mm)
EW 6/18/92 TranacWammoate 4610 25.90 36.60

BW 6/18/92Trunoill’,tjurscata 22.75 12.25 17.70

BW 6/18/92Trunoaliatruncate 16.50 8.70 11.40

BW 6/18/92Trunoall’, truncate 39.00 23.30 32.30

BW J 6/18/92Truncallamacate 13.00 6.60 10.05

EM 6/23/92Trwgoall’, truncate 5140 32.50 42.85
EM 6/23/92Trunoall’, truncate 29.45 13.95 25.00

EM 6/23/92Tnacall’, macate 30.80 12.70 25.20
EM 6/23/92Truncillamacate 3030 1195 25.25
EM 6/23/92TnancWamacate 54.05 34.95 42.05

EM 6/23/92 Truncill’, truncate 44.05 27.10 36.45

EM 6123/92TrunoWamacate 61.40 40.55 49.60

EM 6/23/92TrianoWatruncate 49.95 24.25 37.8
EM 6/23/92TrunoW’,truncate 41.45 23.75 33.90

EM 6/23/92TaunoWatruncate 28.60 12.55 23.50
EM 6/23/92TrgncW’, truncate 39.25 22.45 29.35
EM 6/23/92 Truncaliamacate 48.40 33.10 40.35
EM 6/23/92 Trunoallatruncate 54.60 31.75 45.60

EM 6/23/92Truncailamacate 39.35 22.20 34.05
EM 6/23/92Truncallatruncate 32.75 12.05 25.20
EM 6/23/92Tiunoullamacala 37.70 25.10 31.85

29.45 12.25 25.80

EM 6/23/92TriacalIatruncala 30.05 19.25 23.85

EM 6/23/92Truncillamacate 30.95 19.65 25.75

EM 6/23/92TnacWamacate 27.05 12.05 22.75

EM 6/23/92TnacWatruncate 43.05 27.05 34.35

EM 6/23/92ThacWamacate 1935 11.50 14.95
EM 6/23/92TrianoWatruncate 49.65 32.65 43.55

EM 6/23/92Tnancallamacate 42.00 27.45 37.35
EM 6/23/92TrunoWamacate 34.15 21.15 31.15
EM 6/23/92TruadlI’, macate 49.10 28.70 39.05

E.M 6/23/92Triancill’, truncate 52.75 32.50 42.60

EM 6/23/92TrianoWamacate 62.20 3745 48.10

EM 6/23/92Triancallamacate 49.40 26.20 38.10
EM 6/23/92Triancill’, truncate 4530 26.85 38.20
EM 6/23/92Trunoillamacate 5435~ 34.40 45.50

EM 6/23/92Triacilla truncate 48.50 28.90 39.15
EM 6/23/92macWamacate 40.30 25.15 36.10

EM~ 6/23/92TaunoW’,macate

6/23/92Triacilla truncate

6/23/92macill’, macate

19.30 11.55 15.45
63.20 33.75 48.50

26.15 1430 21.00
EM 6/23/92Triacilla truncate 35.15 21.15 29.15

EM 6/23/92Tnaoillamacate 15.60 . 7.65 10.80

EM 6/23/92Tnactllamacate 54.90 34.55 43.75

EM 6/23/92Thacallamacate 40.55 36.00 32.60

EM 6/23/92 Tnanczll’,truncate 19.80 10.65 14.50

EM 6/23/92Truncallamacate 46.94 27.20 37.75> 6/23/92 Truncilla macate 36.756/23/92 Truncalla macate 54.206/23/92 Truncalla macate 24.706/23/92 Ta-uncalla macate 29.80EMj 6/23/92 T,uncilIa truncate 23.206/23/92 Truncalla macate 34.20
20.50 31.90

34.90 49.70
15.40 20.20

19.10 25.90

12.80 18.55

19.20 27.50
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Appendix 1 . List of species collected at Interstate Park

SITE DATE SPECIES Shell Length (mm) Shell Width (mm) Shell Height (mm)
EM 6/23(92 Trunoill’, truncate 29.45

EM 6/23/92 Tra~noillamacat’, I
EM 6/23I92ITrunoillamancata
AE 6/24/92I Truncillatruncate

AE I 6/24/92 I Truncill’, truncate
AE 6/24/92Truncail’, macate

AE 6/24/92lTruncallatraancata
AE 6/24/92 Truncallamacate

AE 6/24/92 Tn-call’, manca,’,

AE 6/24/92Tn-call’, mancaza

AE 6/24/92Truncallam,.ncasa

AE 6/24/92 Tn-call’, mancasa

AE 6/24/92 Tn-call’, truncate

AE 6/24/92 Tn-call’, truncate
AE 6/24/92 Truncall’,truncate 1310 9.15

AE 6/24/92Tn-calla truncate 47.80

AE 6/24/92 Trasnoall’, macate 22.15

AE 6/24/92Triancilla truncate 22.45

AE 6/24/92 Tn-call’, macate 49.40 3335 44.30
AE 6/24/92 Tauncall’,macas’, 39.55 24.05 32.60

AE 6/24/92 Truncillamancate 4515 2300 3365
AE 6/24/92 Truncallamacar’, 53.30 37.20 46.05

AE 6/24/92 Triancallamancat’, 48.65 27.95 39.65
AE 6/24/92 Tn-call’,macate 22.85 13.70 17.65

AE 6/24/92Trunoallamacate I 20.60 9.75 1480
AE 6/24/92Triacallamacate 14.05 635 9.90
AE 6/24/92Tn-caLl’, truncate 1835 1135 1490
AE 6/24/92 Tn-oW’, macate 45.00 2430 35.80
AE 6/24/92Tn-oW’, macat’, 3536 23.20 3040
AE 6/24/92TrunoWa macas’, 2230 12.75 17.80

AE 6/24/92 Truncallamacate 3335 2085 29.25

AE 6/24/92 Tn-call’, maoala 28.95 16.60 24.05

AE 6/24/92 Tnaacalla truncate 27.00 1625 23.05

AE I 6/24/92 Traacallamacate 30.45 17.60 26.05

AE 6/24/92Truncallatruncate 26901 17.20

1&90j 710

21.10{ 12.30

23.05
AE 6/24/92 Truncallamancata I 9.90

AE 6/24/92 Tn-cillamancata 17.00

AE 6/24/92 Tn-cailatruncate 20.001 1130 15.20

AE 6/24/92Tn-call’, macate 47.70j 29.90

49.40 29.40

36.80

AE 6/24/92Truncallatruncate 41.05

AE 6/24/92Tn-call’, truncate 223.101 13351 16.85AE 6/24/92 Traacallamancate 38.50 24.lSj - 32.75

19.00 26.20AE 6/24/92 Tn-call’, truncate 33.25

AE 6/24/92TnuaoWatruncate 1935 10.65 14.45
AE 6/24/92Tn-oW’, truncate 44.70 28.00 37.80

AE 6/24/92 TrunoWatruncate 41.45 2530 33.30

AE 6/24/92 TrianoWa macate 38.40 23.00 32.35

AE 6/24/92 TrunoWamacas’, 48.55 28.55 39.55

AE 6/24/92 TrunoWamacala 21.85 11.75 17.00

AE 6/24/92 Truncallamaw’,?’, 22.55 12.65 17.70
AE 6/24/92 Trunoallamancata 18.75 11.55 15.15

AE 6/24/92 Truncillatramoate 19.55 12.20 14.85

AE 6/24/92 Tn-cilIa macate 50.85 30.85 42.10
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Appendix 1 - List of species collected at Interstate Park

SITE j DATE SPECIES Shell Length (mm) ~SheliWidth (mm) JShell Height (mm)
16.25 9.50] 13.70
60.101 35.20] 4600
42.00j 26.05 36.05
47301 31.80 40.45
4535j 2950 36.85
35.90] 22.60 31.80
19.65] 11.70 16.00

AE j 6/24/92 Tn-oW’, Dune’,?’,

AE 6/24/92 Tn-cilia macate

AE 6/24/92 Traancali’, macate

AE 6/24/92TrunoW’, macate

AE 6/24/92Traacali’, macate

AE 6/24/92Tn-ca/Ia macate

AE 6/24/92 Truncillamacate

AE 6/24/92 TrunoW’,macate 35.50j 23.10 32.25
2180{ 13.45 17.90
12.95j 6.65 9.45
13.60 7.95 9.95

AE 6/24/92 Tn-cWatruncate

AE 6/24/92Tn-c Wa truncala
AE 6/24/92Tn-oW’, truncate

AE 6/24/92 Tn-call’, macate 34.80 21.65 28.95

AE 6/24/92 Truncallamacate 29.50 16.25 24.00
AE 6/24/92 Triacallamancate 4485 27.35 40.00

AE 6/24/92 Truncaliamacate 48.45 28.05 39.70

AE 6/24/92 Tn-callamacate 4835 24.55 36.85

AE 6/24/92 Tnancallamacate—4
AE 6/24/92 Tn-cilia macate

37.45 20.90 30.70
40.40 24.05 34.20

AE .1 6/24/92Tn-cilIa macate 24.50 14.95 19.20
AE 6/24/92Tn-cilIamacate 20.75 12.65 17.10

AE 6/24/92Tn-cWamacate 21.90 14.45 17.60

AE 6/24/92 Tn-call’, traaac’,te 14.05 6.45 9.75
AE 6/24/92 Truncalla macate 22.40 12.85 17.30

AE 6/24/92 Tn-callamacate 19.45 11.05 15.20
AE 6/24/92 Tn-ciliamacate 27.75 17.80 23.90

AM 6/24/92Tn-callamacate 46.70 33.10 42.35

AM 6/24/92 Tn-cilla macate 3960 22.50 33.15

AM 6/24/92 Tn-cill’, macate I 32.70 19.50 25.80

AM 6/24/92Tn-callamacate 33.20 17.95
11553
11.50
1215]
3175

28.95

AM 6/24/92Tn-oW’, macate j 23.50 1970

AM 6/24/92Tn-calla macate 19.50 16.20
AM 6/24/92Tn-cilia macala 21.05 18.25

AM 6/24/92Triacilia macate 49.45 44.35

AM 6/24/92Tn-cilIa macala 3635 21.90 31.40

AM I 6/24/92Thacall’,macate 33.15 2540 29.35

AM 6/24/92Truncilla macate 27.45 17.10 23.20
AM J 6/24/92TrunoWa macate 14.90 8.10

20.00j 11.60

6995L 4320
40901

. 25.15

10.65

AM 3 6/24/92 Tn-call’, truncate I 17.20

AM I 6/24/92 TrunoWa truncate 60.20

6/24/92 TrunoWamacate
AM~
AM 6/24/92TrunoWamacate

35.80
34.80t 21.85

29.50 17.70

3030

AM I 6/24/92TruncWamacate 26.30
AM 6/24/92Tn-oW’, macate 23.90 13.15 19.20

AM j 6/24/92 TruncWa macate 21.40 12.10 16.40

AM I 6/24/92 Tn-cilia macate 5960 32.20 43.85

AM 6/24/92Tn-callamacate 38.90 2405 32.85
AM 6/24/92Tn-cWatruncate 30.45 18.10 25.95

AM 6/24/92Tn-ca/Iamacate 30.55 17.55 25.65

AM 6/24/92Tn-call’, macate 12.80 10.60 14.00

AM 6/24/92Tn-call’, macate 55.65 35.25 42.70

AM L 6/24/92Truncilla truncate 42.60 2605 36.35

AM 6/24/92Tn-cilia macate 3435 21.15 29.00

AM I 6/24/92Tn-cilia macate 3 41.60 24.15 33.55
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Appendix 1 - List of species collected at Interstate Park

SITE DATE ]SPECIES ShellLength (mm) Shell Width (mm) Shell Height (mm)
AM 6/24/921TrunoWamacate

6/24/92 Tn-cilia macate
6/24/921Truauoilia trwacata
6/24/92]Trunciila macate
6/24/92Tn-oW’, macate

41.90 2480 36.60

AM 2700 17.65 22.45

AM 3315 21.60
AM 3460 2330 30.50

AM 3155 1915 25.95
AM 6/24/92Triacilla macate 37.00 21.70 3260

AM 6/24/92TriancilIamacata 20.10 11.80 16.20

AM 6/24/92Tn-calia macate 33.65 22.40 29.20
AM 6/24192TnacWamacate 34.05 20.25 28.15
AM 6/24/92Tnaaciil’, macate 33.15 27.20 2015
AM 6/24/92TawacWamacate 22.80 13.25 19.45
AM 6/24/92Tn-cWamacate 26.70 15.50 22.10

AM 6/24/92 Truncall’, macate 22.05 12.70 1735
AM 6/24/92Tn-call’, truncate 25.85 16.85 22.10
AM 6/24/92Tn-call’, macate 30.85 11.75 24.45
AM 6/24/92Tn-cWamacala 23.75 12.55 13.00

AM 6/24/92 Trunctila macate 24.10 14.80 20.10

AM 6/24/92 Truncallamacate

6/24/9ijTruncaliamacate

6/24/92jTn-callamacate

6/24/92JTruncilla macate

6/24/92jTn-cill. macate

6/24/92{Tn-cWamacala

6/24/92Tn-ca/Iatrzacala

19.95 12.10 1640
AM 14.65 7.10 10.45
AM 26.00 13.40 20.85

AM 21.10 11.65 16.35

AM 26.40 15.65 21.35
AM 23.25 13.30 18.40

AM 20.90 12.00 12.80
AM 6/24/92Tn-cWamacate 22.15 11.85 16.95
AM 6/24/92Tn-cilia macate 24.15 12.25 17.60
AM 6/24/92 Tn-ciUamacate 1355 7.60 980
AM 6/24/92Traaci/Ia macate 1010 3.90 6.85
AM 6/24/92Tn-ca/lamacate 5.60 2.50 3.40

AM 6/24/92Tn-calla macate 7.25 2.70 4.55
AM 6/24/92Tn-cilIamacate 38.40 23.40 32.20
AM 6/24/92

1Tn-callamacate
6/24/92Tn-cilia macate

31.60 12.90 25.80
AM 3725 22.20 30.65
AM 6/24/92 Tn-cm’, macate 43.25 26.85 34.85

AM 6124/92TrunoWamacate 54.75 41.10 46.05

AM 6/24/92Tn-cilia trumoata 27.05 11.40 23.05
AM 6/24/92Tn-ca/lamacate 55.10 36.00 4380
AM 6/24/92TrunoWamancate 34.60 27.50 28.65

AM 6/24/92lTruncWamacate 21.45 11.80 17.15
AM 6/24/92 Tn-callamacate 2535 1535 20.45

AM 6/24/92 Tn-cWamacaw 28.50 17.15 2920
AM 6/24/92 Tn-callamacate 22.55 14.05{

2835].

13.25
32.701 -
28.10].
25.22

18.55
AM 6/24/92 TnacWamacaw 29.50 25.30

AM 6/24/92 Tn-cWamacate 24.90 19.30

AM 6/24/92 Tn-oW’, truncate 55.95
AM 6/24/92 Tn-cd-lamacala 46~00 40.00
AM 6/24/92 Tn-callamacala 40.75 34.35
AM 6/24/92 Tn-call’,macate 4435 29.95 3965
AM 6/24/92Tn-oW’, macate 39.15 18.40 26.05
AM 6/24/92Tn-cilIa macate 26.50 14.50 22.50
AM 6/24/92 TrunoWamacate 32.50 19.25 26.00
AM 6/24/92 Tn-cWamacate 16.60 835 13.45

AM 6/24/92Tn-cilIa macate 22.25 12.80 18.00
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Appendix 1 - List of species collected at Interstate Park

SITE ]DATE SPECIES
AM 6/24/92TrunoWa macate

SheU Length (mm) Shell Width (mm) ShellHeight (mm)
18.70 10.95 14.00

AM 6/24/92Tn-oW’, truncate 22.70 1225 17.70

AM 6/24/92Tn-oW’, macate 33.00 16.40 24.90

AM 6/24/92Tn-cilia macate 31.70 13.25~ 26.10

15.65 20.75AM 6/24/92Tn-cm’,macala 2660

AM 6/24/92Trunciliamacate 16.45 9.15 14.15

AM 6/24/92Tn-calla macate 14.55 7.00 9•90

AM 6/24/92Tatacillamacate 1240 6.65 9.60

AM 6/24/92Tn-cilIa macate 12.90 6.65 8.55

AM 6/24/92Tn-callamacate 1430 785 10.80

AM 6/24/92Tn-call’, macate 6.30 2.65 4.15
AM 6/24/92 Tn-cWamacate 21.40 12.10 1750

AM 6/24/92 Tn-cWamacate 20.90 10.50 1545

AM 6/24/92 Tn-oW’, macate 19.65 11.40 1660

AM 6/24/92 Tn-callamacala 6.50 2.65 4.30
AM 6/24/92 Tn-oW’,macate 6.45 235 3.75

AM 6/24/92Tn-callatruncate 15.75 7.50 11.20

AM 6/24/92Tn-callamacate 49.50 3010 39.65

AM 6/24/92Truncallamacate 39.65 25.95 34.50
AM 6/24/92Tn-cull’, macat’, 48.40 33.45 44.85

AM 6/24/92 Tn-cilia macate 40.40 23.75 33.10

AM 6/24/92Tn-cilia macat’, 39.30 2L55 33.00

AM 6/24/92Tn-cWamacate 40.95 2515 33.15
AM 6/24/92Traaciila truncate 21.70 1335 17.40

AM 6/24/92Triacallamacate 41.85 22.50 33.40

AM 6/24/92Tn-ca/Iamacate 32.55 1310 26.00
AM 6/24/92Tr,acillatraacata 24.55 13.50 19.25
AM 6/24/92 Tn-cilia macnsa 29.00 16.65 22.65

AM 6/24/92Tn-callamacate 26.15 15.50 2285
AM 6/24/92Tn-cilia macate 21.40 12.45 17.20

AM 6/24/92Tn-callamacate 32.25 13.25 26.85
AM 6/24/92Tn-clll’, macate 26.10 16.15 21.20

AM 6/24/92Triacallamacate 21.95 12.10 17.45

AM 6/24/92Tn-cilia macate 31.70 19.55 27.10

AM 6/24/92Tn-cWamacala 24.10 15.35 20.55

AM 6/24/92Tn-oW’, macala 4&50 28.45 34.60

AM 6/24/92Tn-call’, macate 38.65 26.45 35.15

AM 6/24/92Tn-cWatruncate 32.40 19.60 27.45

AM 6/24/92 Tn-cilia macate 20.40 12.15 16.50

AM 6/24/92 Tn-alla macat’, 24.40 13.05 19.25
AM 6/24/92 Tn-cilia macate 22.65 12.05 17.70
AM 6/24/92 Tn-cilIamacate 22.55 11.90 17.00

AM 6/24/92 Tn-czllamacala 20.05 1130 1530

AM 6/24/92 Tn-call’, macate 2330 12.50 18.40

AM 6/24/92 TnacilI’, macate I 21.40 11.70 16.40

AM 6/24/92Tnacall.amacam 1430 6.80 10.20
AM 6/24/92Tn-cilia truncate 1 1480 7.70 11.00

AM 6/24/92 Tn-cWatruncate 7.00 2.65 4.30
AM 6/24/92Tn-cilIa macala 6.55 2.55 4.20

AM 6/24/92 Tn-cilia macate 55.20 32.00 47.10

AM 6/24/92 Truncallamacala 28.95 12.15 24.50
AM 6/24/92 Tn-cWamacate 46.35 25.60 38.60
AM 6/24/92Tn-cilIa macate 26.95 15.35 2L50
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Appendix 1 - List of species collected at Interstate Park

SITE DATE SPECIES Shell Length (mm) ShellWidth (mm) Shell Height (mm)
25.80 34.15

13.20 19.55

17.90 26.60

1350 20.60

16.10 20.90
11.85 16.00

AM 6/24/92Tn-cilIa macate 1235 17.15

21.75 11.851 17.35AM 6/24/92 Truncallamincata

AM 6/24/92 Truncillamacat’, 13.00 6.74 9.35
AM 6/24192Tn-cl/Ia truncate 2190 11.65 15.70
AM 6/24/92Truncallamacat’, 21.15 1335 16.95
AM 6/24/92Tn-ca/Iatruncate 49.10 32.70 43.75

AM 6/24/92Triacalia triarcat’, 3715 21.85 32.45

AM 6/24/92Triacallamacate 48.20 29.60 42.75

AM 6/24/92TriacalI’, macat’, 37.40 22.00 30.20

AM 6/24/92Tramoahl’, macat’, 38.70 30.00 37.80

AM 6/24/92Tnaca/I’, macate 23.25 12.50 18.20
AM 6/24/92Triacilia macate 4.60 2.25 3.25

2885j 16.25 23.05
5170] 41.50, 42.45
35.10] 20.75 30.20

AM 6/24/92Tn-cilia macate

AM 6/24/92Tn-cilia macat’,
AM 6/24/92TrunoWamacate
AM 6/24/92Tn-oW’, macas’, 4075] 22.40 33.95

DE 6/25/92TnacWatruncate 4000 24.70 33.35

DE 6/25/92Tn-calla macate 2830 11.25 2490
DE 6/25/92Tn-callamacate 38.20 22.60 32.35
DE 6/25/92Tn-cz/I.amacate 17.00 10.20 13.95
DE 6/25/92Triacallamacat’, 21.50 11.75 16.50
DE 6/25/92 Truncallamacas’, 19.80 10.25 15.45

DE 6/25/92 Trunca/lamacate 4850 2860 40.30
DE 6/25/92 Tn-call’, truncate 22.45 12.75 18.15
DE 6/25/92 Tn-call’, macala 2190 11.45 16.55

DE 6/25/92 Tn-oW’, macate 21.30 11.20 17.30

DE 6/25/92 Tn-callamacate 23.65 1315 18.30

DE 6/25/92 Tn-cWamacate 46.45 24.45 35.75
DE ] 6/25/92 Tn-ca/lamacala 41.30 25.40 33.50

DE 6/25/92 Tn-callamacat’, 40.65 23.95 32.75

DE 6/25/92 Tn-oW’, macas’, 55.45 32.80 44.05

DE 6/25/92Triacallamacate 4040 26.95 36.35

32.85 18.30 25.90
2165t 29.8036.65

DE j 6/25/92 Truncaliamacat’, 27.30 16.90L 24.60

15.60 22452715

50.95 2805 39.90

1420 8.20 11.60

DE 6125/92lTraacallatruncate 1440 8.75 12.00

15.60 7.70 10.90

6.65 2.85 4.40
41.50 28.60 38.65

DE 6/25/92Tn-cilia macala 22.60 13.60 18.95
DE 6/25/92Tn-calla mincasa 45.40 27.55 40.45
DE 6/25/92Tn-ca/lamacate 51.50 34.55 4365
DE 6/25/92Tn-call’, macate 32.05 17.60 25.90

DE 6/25/92Tn-ca/lamacat’, 30.55 18.75 26.30
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Appendix 1 - List of species collected at Interstate Park

SITE LDATE ) SPECIES
DE 6/25/92]Tn-cilIamacate
DE 6/25/92]Tn-cilIa macate

[Shell Length (mm)
30.55

Shell Width (mm) Shell Height (mm)
18.90 25.25

I 21.85 11.50 16.55

DE £ 6/25/92]Truncillamacate

DE 6/25/92]Tn-cilia maca,’,

DE 6/25/92JTruncilla truncate

DE 6/25/92jTn-cilia truncate

8.05 3.40 5.10
740 3.40 4.70
6.60 2.80 4.55

27.45 16.35 24.35

DE 6/25/92jTn-cilia macate

DE 6/25/92ITn-cWamacate

18.95 10.40 14.10
7.00 2.65 4.55

DE 6/25/92Tn-cilIa macate 22.90 12.70 17.20
DE 6/25/92Tn-cilia truncate 21.00 11.60 16.05

DE 6/25/92TrunoWamacate 40.60 24.10 34.50

DE 6/25/92Tn-cilia truncate 16.65 8.40 12.25
DE 6/25/92Tn-cWamacate 59.85 34.10 4975
DE 6/25/92Truncilia macate 50.25 29.55 39.40
DE 6/25/92Truncilia macate 33.15 2115 28.50
DE 6/25/92Tn-cilia truncate 18.70 10.70 14.00
DE 6/25/92 TrunoWamacate 29.65 16.10 24.25
DE 6/25/92Trunotlia macate 20.85 12.55 16.55

DE 6/25/92 Tn-cilia macate 42.70 28.40 37.90

DE 6/25/92Tn-cill’, macate 22.95 12.75 17.95

DE 6/25/92Tn-cilia truncata 19.40 11.55

25.2S1 14.40

33.65 18.70

16.05

DE 6/25/92Tn-cilia macate 20.80

DE 6/25/92Tn-cWatruncate 2695
DE 6/25/92Tn-cWamacate 31.10 16.50 24.65

DE 6/25/92TnacWamacat’, 19.70 11.75 1570
DE 6125/92Tn-cilia macat’, 25.65 15.05 2135
DE 6/25/92Tn-cWamacate 22.75 14.25 16.70

DE 6/25/92Tn-cWamacate 2145 12.70 17.10

DE 6125/92Tn-oW’, macate 20.25 980 15.75

DE 6/25/92Tn-cWatruncate 18.50 11.40 14.20

DE 6/25/92Tn-cilia truncate 35.05 19.75 29.00
DE 6/25/92Tn-cWamacat’, 22.65 11.65 18.15

DE 6/25/92Tn-cWatruncate 2500 14.85 20.15

DE 6/25/92TnacWatruncate 19.00 1055 15.20
DE 6/25/92Tn-cWamacate 34.70 20.90 29.55
DE 6/25/92TruncWatruncate 24.50 13.35 19.15
DE 6/25/92Tn-cWamacate 23.10 12.25 17.00

DE 6/25/92Tn-ca/Iatruncate 51.60 3150 42.60

DE 6/25/92Triacaliamacaga 2550 16.20 23.15

DE j 6/25/92 Tn-caliamacate 1 1605 835 1110
DE I 6/25/92Trunciliamacate
~ 6/25/92Tn-oW’,macate
SE I 6/25/92 Tn-call’,macala

3755 20.55 30.10
22.80 11.70 17.15
40.60 2300 3315

SE 6/25/92 Triacilla macate 4300 22.90 32.90
SE 6/25/92Triacaliatruncate 48.60 29.40 40.25
SE 6/25/92Tn-ca/Iamacate 42.25 29.65 3925
SE 6/25/92Tn-callamacate 34.40 22.25 28.20
EE 6/25/92 Tn-czliamacate 34.60 19.50 29.75

SE 6/25/92Tn-cilia truncate 24.45 14.80 20.45

SE 6/25/92Tn-calla macala 31.50 18.10 25.85
SE 6/25/92Traacallamacate 1695 9.80 13.25

SEI 6/25/92 Triacali’, macate

6/25/92 TraacWa macate

40.40 22.55 3405
17.40 9.65 12.70
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Appendix 1 - List of species collected at Interstate Park

SITE [DATE ~SPECIES
EE I 6/25/92ITnancilIa macate

Shell Length (mm) Shell Width (mm) Shell Height (mm)
17.20

SE 6/25/92Tn-cilIa macate 29.40

SE 6/25/92Tn-cWatruncate 10.55

SE 6/25/92Tn-cWatruncate 22.25

SE 6/25/92Tn-cWa truncate 10.80

SE 6/25/92Tn-cWamacate 10.45

SE 6/25/92Tn-cilIa macate 35.90

SE 6/25/92Tn-cilia truncate 20.80 15.70

SE 6/25/92Tn-oW’, macate 34.65 29.35
SE 6/25/92Tn-cilIa macala 16.45 1995

SE 6/25/92Tn-ca/lamacate 58.65 46.75
SE 6/25/92 Tn-cilia macat’, 27.45 22.95

SE 6/25/92Triacallatruncate
SE 6/25/92Tn-cWatruncate
EE 6/25/92Tn-cilia macate 11.80
SE 6/25/92Tn-cWamacate 13.05
SE 6/25/92Triad/I’, macate 1775

SE 6/25/92Triacilia macate 1235
SE 6/25/92Tn-cilia truncate 6.05
SE 6/25/92Tn-cilia macala 19.55
SE 6/25/92Tn-cilia macate 12.85
SE 6/25/92Tn-cilIa macat’, 35.65
SE 6/25/92Triacilia macate 19.90
SE__ 6/25/92 Tn-cWamacate 22.30

SE__ 6/25/92 Tn-cWamacate 14.15

SE 6/25/92Tn-cWamacate 5590
SE 6/25/92Tn-cilia macate 24.00

SE 6/25/92Tn-cilia truncate
SE 6/25/92Triacaliatruncate 3460

SE 6/25/92Triacalla truncate

SE__

SE

6/25/92Tn-call’,macate 10.65

6/25/92Tn-cilIa macate 8.20
SE 6/25/92Triacilla macate 46.55
SE 6/25/92Tn-cilia macate 46.70
SE 6/25/92Truncallamacala 26.10
SE 6/25/92TriacalI’, macate 44.90
SE 6/25/92Tn-cilIa macate 40.15 23.20 33.65
SE 6/25/92Triacaliamacate 2100 10.75 15.90
SE 6/25/92TnacWamacate 16.40 7.95 11.80
SE 6/25/92Triacaliamacate 20.65 11.25 16.15
SE 6/25/92Triacallamacate 14.45 5.90 9.10

SE 6/25/92Tn-cilia macate 35.70 25.00 34.15
SE 6/25/92 Tn-call’, macate 46.95 28.05 33.05
SE 6/25/92Tn-cilia macate 13.80 6.55 930

SE 6/25/92 Tn-cl/I’, macate 41.20 28.05 31.70
SE 6/25/92Tn-cWamacate 19.75 10.40 1535
SE 6/25/92 Truncillamacate 18.55 1130 14.55
EE 6/25/92Tn-cilia macate 24.05 12.80 16.30
SE 6/25/92 Tnacili’, macate 55.70 31.60 4395
SE 6/25/92Tn-cilia macate 18.90 11.00 15.20

SE 6/25/92Truncilla macate 16.25 885 12.70
SE 6/25/92Tn-ca/Iamacate 12.90 10.50 14.75
EE 6/25/92Tn-cilia macate 21.60 11.95 16.00
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Appendix 1 - List of species collected at Interstate Park

SITE DATE SPECIES IShell Length(mm) ShellWidth (mm) ShellHeight (mm)
6/25/92I TruncilIamacate ] 14.60 805 11.05
6/25/921Tn-oW’, macas’, ] 19.85 10.55 15.45
6/25/92]TrunoWatruncate 4 22.20 12.70 18.10
6/25/92Tn-cilIamacat’, 38.50 21.70 29.60

ER

EE

SE

SE

SE 6/25/92 TruncalIamacate 47.15 26.50 39.05
SE 6/25/92 TrunoWatruncate 4300 2860 3905
SE 6/25/92 Truncallatruncate 48.55 2930 38.65

SE 6/25/92Tn-cWamacate 48.05 3165 40.60

SE 6/25/92 Tn-cl/Ia macate I 50.05 3080 41.55

36.60 23.25~ 3195SE 6/25/92TrianoW’,macate I
SE 6/25/92 Triacallamacate 18.75 10.75 15.70

6/25/92Truncallatruncate 19.60 11.55 15.75

SE 6/25/92Tn-call’, macas’, 28.65 17.00 24.~0

SE 6/25/92 TrunoWamacate 27.60 16.85 2340

SE 6/25/92 Triacallamacas’, 45.00 23.20 35.40
AW 7/1/92Triacali’,macate 4135 28.20 37.50

AW 7/1/92TnacWamacate

7/1/92JTn-caliamacate

7/1/92].Tnacaliamacate

7/1/92jTn-cu/Ia truncate

7/1/92jTnacu/Iamacate

18.90 10.95 16.20

AW 22.95 13.45 18.00
AW 21.50 11.10 17.30

AW 31.25 18.25 26.90

AW 18.50 10.95 14.50
AW 7/1/92j.Trunoilia macate

7/1/92]Tn-call’,macat’,

7/1/92Tn-cl/Iamacat’,

25.40 13.50 19.70

AW 28.25 15.40 20.00

AW 22.90 12.65 19.20

AW 7/1/92Tn-call’, macate 19.60 11.00 1500

AW 7/1/92TrunoWamacate 21.00 15.60 20.70
AW 7/1/92T,uncWamacate l7.20 10.30 14.65

AW 7/1/92TrunoWamacate 21.80 12.50 16.70
AW 7/1/92Tn-call’, macate 19.25 11.90 15.70
AW 7/1/92TrunoWatruncate 14.80 7.85 11.50

AW 7/1/92TrunoW’,macate 22.25 1355 18.45

AW 7/1/92Tn-oW’,macas’, 14.90 7.50 11.00

AW 7/1/92TrunoWamacate 37.45 20.80 3200

AW 7/1/92TrimoWa macate 21.75 12.30 16.60
AW 7/1/92 TriacalIa macate 1335 6.65 9.50

AW 7/1/92 TruncilIa macate 29.65 17.55
12.50 6.10)
13.80 7.20]
30.25 . 18.05

25.85
AW 7/1/92 Trainoallamacate 8.70
AW 7/1/92 Truncallatruncate 10.35

AW 7/1/92[Tn-cilIa macate

7/1/92~Tn-oi/Ia macate

7/1/92~Traaaoiliamacat’,

7/1/92[Tn-cilia macate

2345

AW 20.80 10.70 15.85

AW 14.55 7.10 10.70

AW 17.35 8.70 12.40

AW I
AWl

AW

7/1/92bTrunoiliamacate
7/1/92[Trunoillamacas’,

7/1/92Tn-cilia macate

17.45 780 11.95

23.70 14.00 18.85

16.00 7.75 12.50
AW 7/1/92Tn-oW’,macate 17.00 830 13.10

AW 7/1/92Tn-cilia macat’, 25.50 1330 1990

AW 7/1/92Tn-cilia macat’, 31.15 18.00 2580
AW 7/1/92Tn-cilia macate 32.65 22.95 25.95
AW 7/1/92Tn-cilia macate 63.60 34.00 51.30
AW j 7/1/92ITn-cWamacat’, 6335 32.90 42.55

AW 7/1/92ITrunoW’, macate 25.55 13.60 20.85
AW 7/1/92Tn-cilia macala 25.15 13.90 19.60
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Appendix 1 - List of species collected at Interstate Park

SITE DATE [SPECIES
AW 7/1/92jTrunci/Ia macate
AW 7/1/92ITrunoilIa macate

ShellLength (mm) Shell Width (mm) ShellHeight (mm)
34.05 1930 28.Is

43.00 26.40 36.55

AW 7/1/92Tn-oW’, macate 28.45 2775 24.00

AW 7/1/92Tn-cW’, macate 2335 12.90 18.05
AW 7/1/92 Truncali’, macate 29.60 7.75 23.45

AW 7/1/92 Tnaczlia macate 2030 12.20 15.90

AW 7/1/92Truncaliamacate 22.55 13.60 18.20
AW 7/1/92Trunczllamacas’, 19.50 1135 16.35

AW 7/1/92Tn-call’, macate 15.90 9.10 12.35

AW 7/1/92Truncill’, macas’, 21.10 11.90 17.10

AW 7/1/92TrunoWamac’,sa 70.60 42.85 5310

AW 7/1/92Tn-cWa macate 50.10 28.90 42.30

AW 7/1/92 Tnaci/Iatruncate 15.05 8.10 11.50

AW 7/1/92 Tn-all’, macate 3715 22.70 32.10

AW 7/1/92Tn-calia macate 2930 18.05 25.75

AW 7/1/92 Tn-call’, macas’, 20.10 12.00 17.10

AW 7/1/92 Trunoalla macate 27.60 1730 21.65

AW 7/1/92 Triacallamacate 33.15 12.75 17.50

AW 7/1/92Tnaoall’,macate 19.60 11.15 15.55

AW 7/1/92TrunoWa macate 21.55 12.95 1735

AW 7/1/92Triacill’, macate 14.10 730 10.00

CE 6/30/92Triacall’, macate 16.80 9.75 13.55

CE 6/30/92Tn-all’, trwacasa 25.00 16.30 22.80

CE 6/30/92Triacili’, macate 23.70 1430 18.95

CE 6/30/92Tn-cilia macate 28.70 17.05 2335

CE 6/30/92Tn-cilia macate 36.65 18.00 28.25

CE 6/30/92Tn-cilia macate 2730 12.50 23.10

CE 6/30/92TnacW’, macate 39.70 21.65 3150

CE 6/30/92Tn-cilia macate 22.40 11.90 16.70

BE 6/30/92Tn-cWa macate 4535 31.00 41.20

BE 6/30/92Tn-cilia macat’, 52.40 32.85 46.75

BE 6/30/92Tn-call’, macate 54.66 30.95 45.75
BE 6/30/92 Truncall’, macate 27.10 16.45 21.90

BE 6/30/92 Traincilia macate 39.55 25.15 36.25

BE 6/30/92Tatacalla macate 52.50 31.40 44.15

BE 6/30/92Tn-calia macate 48.60 24.90 38.20

BE 6/30/92Tn-cilIa macate 41.15 2430 33.25

BE 6/30/92Truncalia macat’, 4800 28.75 39.50

BE 6/30/92 Tn-call’, macate 54.25 34.25 46.80

BE 6/30/92 Trunoiliamacate 4530 24.95 3630

BE 6/30/92 Tn-call’, macaz’, 35.25 19.55 28.30

BE 6/30/92Triacilla macat’, 28.95 14.40 21.20

BE 6/30/92Tn-cWamacat’, 26.65 12.95 20.40

BE 6/30/92Tn-cilia macat’, 50.45 27.50 39.25

BE 5/30/92Triacalia macat’, 52.15 27.85 38.35

BE 6/30/92Tn-cilia macas’, 4035 23.75 33.70

BE 6/30/92Tn-oW’, macate 57.60 34.60 41.70

BE 6/30/92Tn-cilia macat’, 20.95 12.70 17.20

BE 6/30/92Tn-cilia macas’, 51.00 29.20 39.90

BE 6/30/92Tn-oWamacate 24.70 13.80 19.95

BE 6/30/92Tn-oWamacat’, 16.75 935 12.55

BE 6/30/92Tn-oW’, macate 14.80 7.80 10.80

BE 6/30/92Tn-oW’, macat’, 69.90 40.65 48.75
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Appendix 1 . List of species collected at Interstate Park

SITE ;DATE SPECIES Shell Length (mm) Shell Width (mm) ShellHeight (mm)
BE 6/30/92I Truncill’, macat’, 55.85 36.90 33.90

BE 6/30/92 Trunoilla truncate 44.80 28.85 35.70

BE 6/30/92 Tn-cilIa truncate 50.45 30.00 37.95

BE 6/30/92 Truncillamacate 2109 18.10 17.90

BE 6/30/92 Tn-ca/Iatruncate 33.20 18.45 26.60

BE 6/30/92Truncailamacate 2410 1300 17.95

BE 6/30/92 Truncaliamacate 40.70 2230 30.00

BE 6130/92Tn-cilia truncate 4410 2530 36.80

BE 6/30/92Tn-call’, macate 4830 26.45 35.30

BE 6/30/92 Truncaliamacate 3930 21.60 29.30

BE 6/30/92Trzacallamacate 4315 2630 36.20

BE 6/30/92Truncallamacat’, 4640 2935 40.25

BE 6/30/92Tn-ca/Ia truncate 40.20 22.55 37.SQ

BE 6130/92Tn-cWamacate 1530 7.85 11.00
BE 6/30/92 Triacaliamacate 22.40 12.20 16.95

BE 6/30/92 Tn-cilIa macate 57.25 35.55 45.60

BE I 6/30/92 Truncillamacate 50.15 26.60 38.20

BE 6/30/92Tn-cWamacat’, 56.75 31.00 41.70

BE ] 6/30/92 TaunoWamacat’, 21.10 1125 15.85

BE I 6/30/92Tn-cWamacate 3735 21.85 3075

BE I 6/30/92Tn-oW’, macate 29.65 16.50 24.00

BE 1 6/30/92Tn-cWamacat’, 18.00 8.20 12.65

BE 6130/92Tn-call’,macate 4095 21.45 33.35

BE 6/30/92Triacallamac’,te 23.00 11.70 12.45

BE 6/30/92 Tn-call’,macate 20.40 12.00 16.50

BE 6/30/92Tn-cilia macate 13.70 6.70 10.10

BE 6/30/92 TrunoWamacate I 13.65 7.45 10.20

BE 6/30/92T .dll’, macat’, 59.70 3285 46.15

28.80 3370

15.00 19.50

i9.00~ 29.70

33.15 40.60

BE 6/30/92Tn-oW’, truncate 45.70

BE 6/30/92 TrunoWa macate 23.85]

BE 6/30/92Tn-oW’, macat’, 37.65

BE 6/30/92Tn-cWamacate 49.50

BE 6/30/92 Tn-cWamacas’, 22.50 12.10 17.05

BE 6/30/92Tn-cWamacat’, 29.00 16.25 22.15

BE 6/30/92Truncilla truncate 2530 14.85
23 OS~ 11.70
26.701 14.50

20.75

BE 6/30/92TraacWamacate 17.75

BE 6/30/92[TrunoWamacate

BEj 6/30/92jTruncillamacata

BE I 6/30/92jTn-ca/Iamacate

BE j 6/30/92Truncallamacate I

21.00

15.80 835 11.50

14.25 7A5 9.90

20.50 12.05 16.50

BE t 6/30/92 Truncali’,macate 14.25 840 10.60

6/30/92Tn-callamacate 53.25 35.50 4340
BE ] 6130/92Tn-oW’, macate 56.20 29.40 42.95

BE 6130/92TnacWa macate 46.15 26.60 3530

BE 6/30/92Tn-oW’, macate 4830 3235 39.90

BE 6/30/92 Triaciliamacate 33.80 19.10 27.65

BE 6/30/92 Tn-cWamacate 47.05 2730 39.95

BE 6130/92Tn-calla macate 67.55 37.40 57.15

BE 6/30/92 Tn-cilia macate 56.20 34.00 42.45

DM 6/4/92Trasagonaaweraucosa 7830 26.10 49.66

CW 6/17/92 Tritigonia verrucasa 81.90 2340 4805

CW 6/17/92 Trzsigoniawemacosa 85.85 27.75~ 54.00
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Appendix 1 - List of species collected at Interstate Park

SITE DATE SPECIES Shell Length (mm) Shell Width (mm) Shell Height (mm)
AM 6/24/92Tratzganzaverrucosa 9645 34.70 57.50

AM 6/24/92 Tntagonuaweraucosa 59.15 17.50 3540

AW 7/1/92 Tritigonia verrucosa 81.20 2450 5000

AW 7/1/92Tritigonia verrucosa 5575 2140 33 15
BE 6130/92Tritigania venucasa 40.05 935 1900

BE 6130/92Triugoniaverrucas’, 8200 27.10 5010

BE 6130/92Tritigonia verrucosa 8690 3055 55.80

BE 6130/92Trisigoniaverrucasa 100.65 3490 62.25

1BE 6130/92Tritigonia verrucasa 103.50 3430 66.60
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The effect of water depth and velocity on mussel distributions in
the St. Croix River, Interstate Park.

Daniel J. Hornbach
Departmentof Biology
Macalester College
St. Paul, MN 55105

Preparedfor the Winged Mapleleaf Recovery Team

July 27, 1995

Introduction

The endangeredmussel, Quadrula fragosa is currendyfound only in a

single location in the St. Croix River. The major concentrationsof this
mussel have been found near Blast Island and in the east channel of the
river by Folsom Island at Interstate Park. Hornbach (1992) has examined
the factors which influence the distribution of this endangeredmussel.
They indicated that this speciesis found in areas of the river which harbor
dense and diverse mussel com.rnunities. Johnson (1995) has conductedan
instreamflow study in the east channel of the St. Croix River near Folsom
Island, and used the data from Hornbach (1992) to develop a PHABSIM
model for musseldensity and Speciesrichness. Based on this model
Johnson recommendeda run-of-river flow regime to meet the instream
flow needsof Q. fragosa and the mussel community. Johnsonindicated
that for the east channel of the St. Croix River by Folsom Island, mussel
density WUAs (weighted usable area) peaked at 6500 cfs. Currently the
hydroelectric dam has a minimum summer release of 1600 cfs or run-of
river if natural flows are below 1600 cfs and has voluntarily agreedto
maintain a minimum winter releaseof 800 cfs.

A good deal of controversyhas surroundedthis recommendation. In order
to provide additional information we conducted a semi-quantitative
survey in the east channel of the River near Folsom Island.

Methods

Two transectlines (labelled Transect 3 and 4) were placed on the bottom
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of the river in the eastchannel of the river (Fig. 1). These transectswere
placed at locations where Jt:hnson (1995) conducted an instream flow
study (2 most downstreamtransectstaken in the east channel by Folsom
Island - Fig. 3a in Johnson(1995) - labelled Transects1 and 3 in Fig Al
Johnsonand Chisholm (1995)). Transect3 was sampledon June 14,1995
and Transect4 was sampledon June 16, 1995. Table 1 gives information
on the sites. Every S m along the transectline water depth and flow were
measured. In addition a SCUBA diver noted the makeupof the substrate.
Also at each 5 m mark a diver spent 2 minutes collecting musselsand
placing them in a labelled mesh bag. The bagswere returnedto the
surface,the mussels were identified, shell length, width and height were
measured. The musselswere then returned to the river. The number of
musselstaken during a 2 ml search gives an indication of the density of
musselsat various locations along the transect.Voucher specimenswere
taken and will be deposited at the Bell Museum at the end of the summer
of 1995.

Results and Discussion

A total of 610 mussels representing22 specieswere taken from the two
transects. Figure 2 gives the distribution of the mussel speciestaken from
the transects. The speciesmakeup varied between the two transects (Fig.
3). Truncilla truncata dominatedboth transectsand there was not a
significant difference in the proportion of the community this species
representedin the 2 transectsx2=1~1. p=O.29. A single Q. fragosa was
found in Transect4 at station 31. The individual that was found was 7
years old and had a shell length of 50.01 mm. The water was 1.1 m with
water flows of 0.35 m/s at the bottom and 0.45 m/s for the mean column
flow (flow taken at 0.6 depth). The specimenwas labelled XJ on the
anterior portion of the right valve and was returned to the river.

Transect3 had a mean depth of 1.06 m and was significantly shallower
than Transect4 with a mean depth of 1.19 m (t=3.0, 77 df, p=0.003).
Transect3 also had fewer musselsper station (0 = 6.58) and few mussels
speciesper station (0 = 2.81) than Transect4 ( 0 = 8.78 musselsper station
and 0 = 4.02 mussel speciesper station). T-tests indicated that the
number of speciesper station was significantly higher for Transect4
comparedto Transect3 (t=2.67, 77 df, p=O.0O9) while the number of
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mussels per station was nearly significantly higher in Transect4 compared
to Transect3 (t=1.94, 77 df, p=O.O56).

In both transectsthere was an area in the center of the channel where
water depth was quite shallow (Fig. 4). Figure 4 also shows the
distribution of mussels across the channel. It is apparentthat the number
of musselsand speciesrichnessare at minimums in the middle of the
channel. These trends reflect what was predicted by Johnson and
Chisholm (1995) based on composite suitability indices from their
PHABSIM model (Figs. A4,A5, A7, and A8 in Johnsonand Chisholm (1995)).
Figures 5 and 6 show that water depth significantly influenced the number
of mussels collected and the richness of the mussel community. Maximum
mussel density occurred at a depth of 1.55 m while the maximum number
of speciesoccurredat a depth of 1.49 m. Based on 719 0.25 m2 quadrats
taken throughout the St. Croix River (Hornbach, pers. observation)the
maximum mussel density occurred at a depth of 1.75 m and the maximum
speciesrichness occurred at a depth of 1.55 m confirming the data
collected in this study.

There was no significant influence of bottom flow on either the number of
musselsor the number of speciescollected along the transects(Figures 7
and 8). Also there was no significant difference in the number of mussels
or the number of mussel species among the various sedimenttypes
identified along the transect (Figures 9 and 10).

We noted that the influence of depth on mussel abundanceappearedto be
especially important for small mussels. Only 24 of the 79 stationshad
mussels< 25 mm in shell length. Figure 11 shows that the depth of
stations which had small mussels was significantly greater than for those
stationsthat did not have small mussels (t=2.48, 77 df, p=0.O2). This
indicates that low water levels in the east channel may have an influence
on the maximum mussel recruitmentpotential for this area.

Three other events occurred during our June sampling at Interstate Park
which merit comment. On at least two occasions,including June 16, 1995
one of the paddlewheelboats was noted moving through the east channel
of the river by Folsom Island. On June 16th we were conducting our work
on Transect4. The boat moved across the transectbetween our stations
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14 and 20 where the water was between0.96 and 1.1 m (Fig. 12). On June
19, 1995 we saw one of the paddlewheelersrun aground on the east shore
of Blast Island - anotherarea of known Q. fragosa populations.

Also on June 23, 1995 we noted exposedsubstratein the east channel by
Folsom Island in an area between where we sampled Transect3 and 4 (Fig.
13). This exposurewas noted between 9:00 and 9:30 EDT when discharge
from the river was 1750 cfs which correspondsto a dam relaeaseof 1600
cfs, the required minimum summer release. We estimatedthat the
exposurewas in an area of the channel which was near stations 15-20 -

where we had recorded the shallowestwater on June 14 and 16 and also
noted on the USGS Quadranglemap for this area (Fig. 14). These stations
correspondedto areas with the fewest number of mussels(Fig. 4). We
conclude that this type of exposureis responsiblefor the lack of mussels
inhabiting this portion of the east channelof the St. Croix by Folsom Island.

On June 28, 1995, while conducting a species-specificsearchfor Q. fragosa
in the west channel by Clark Island, visitors to the park who were staying
in the group camping area near Clark Island asked what we were studying.
When we replied that we were examining mussel communities in the area
they mentionedtLat they had collected a bucket of mussels. We indicated
that collecting mussels in this area was illegal. As we returnedthe mussels
to the river for them, we found that one of the mussels in their bucket was
a Q. fragosa. This potential impact of human collectors on the endangered
mussel indicates that additional information needs to be provided to
visitors to InterstatePark dissuading them from collecting musselsfrom
the river.

Basedon the PHABSIM results from the model of Johnson(1995) and
Johnsonand Chisholm (1995), a dischargeof greater than 4000 cfs would
be neededto provide the maximum habitat for mussel density and species
richnessin the east channelof the St. Croix near Folsom Island. Since
Hornbach (1992) has shown that Q. fragosa is associatedwith rich and
dense mussel communities, a minimum dischargeof greater than 4,000 cfs
or a run-of river flow regime seems warranted.
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Table 1. Attributes of the two transectssampledin the East Channelof the
St. Croix River by Folsom Island, Interstate Park.

jAttribute Transect 3 Transect 4

Date Sampled June 14, 1995 June 16, 1995

Latitude/Longitude at
East end of Transect

45023.65‘N

92039.66’W

45023.72’N
92039.71’W

Latitude/Longitude at
West end of Transect

45023.60’N

92039.75’W

45023.66’N

Discharge 6510-6540 cfs 6480 cfs

H
20 Temperature 19

0C

Conductivity 140 p.mhos•cm-l 155 j.tmhos~cm-l

Dissolved 02 8.5 mg.L-l 8.1 mg.L-l
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Figure1. Mapofstudyarea.
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The effect of water depth and velocity on mussel distributions in
the St. Croix River, Interstate Park.

An addendum.

Daniel J. Hornbach -

Departmentof Biology
Macalester College
St. Paul, MN 55105

Preparedfor the Winged Mapleleaf Recovery Team
August 15, 1995

Introduction

On July 27, 1995 I prepareda report for the Winged MapleleafRecovery
Team, entitled “The effect of water depth and velocity on mussel
distributions in the St. Croix River, InterstatePark.” On August 8, 1995, I
returned to sample one additional transectin the east channel of the St.
Croix River by Folsum Island. This addendumprovides the additional data
collected and extends the analysispreparedon July 27, 1995 to include the
data from this additional transect.

Methods

The new transect (labelled Transect 5) was taken between Transects3 and
4 reported by Hornbach (1995) (Fig. Al). This transectwas placed at a
location where Johnson(1995) conducted an instream flow study (labelled
Transects2 in Fig Al Johnsonand Chisholm (1995)). As in the earlier
study (Hornbach,1995)every 5 m along the transect line water depth and
flow were measured. In addition a SCUBA diver noted the makeupof the
substrate. Also at each 5 m mark a diver spent 2 minutes collecting
mussels and placing them in a labelled mesh bag. The bagswere returned
to the surface, the mussels were identified, shell length, width and height
were measured. The musselswere then returned to the river. The
number of mussels taken during a 2 mm. search gives an indication of the
density of musselsat various locations along the transect.Voucher
specimenswere taken and will be depositedat the Bell Museum at the end
of the summerof 1995.
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Results and Discussion

A total of 48 additional mussels were collected in Transect5, bringing to
658 musselsin all three transectssampledin 1995. One specimenof
Epioblasma triquetra collected in Transect5 brings to 23, the number of
speciestaken from the three transects. Figure A2 gives the distribution of
the mussel speciestaken from the transects. The speciesmakeupvaried
betweenthe three transects(Fig. A3). Truncilla truncata dominated all
transectsand there was a significant difference in the proportion of the
community this speciesrepresentedin the 3 transects x2=7~93~ p=O.O2, but
the difference was due to a smaller proportion of Truncilla truncata in
Transect5 comparedto Transects3 and 4.

Transect5 had a mean depth of 1.31 m while Transect3 had a mean depth
of 1.06 m and Transect4 had a mean depth of 1.19 m. There were
significant differences in depth among transects(F=8.4, 2,111 df,
p=O.0004). Transect 5 was sampledat a higher dischargeperiod than the
other two transects(Table Al) and this accountsfor some of the difference
in mean depths. Transect S had the fewest number of mussels per station
(mean = 1.45) whire both Transect 3 and Transect4 had more (mean =

6.58 and 8.78 mussels per station, respectively).Transect 5 also had few
mussels speciesper station (mean = 1.09) while Transects3 and 4 had
more mussel speciesper station (mean = 2.82 and 4.02 mussel speciesper
station, respectively). ANOVA indicated that both the number of mussels
per station and the number of species per station was differed significantly
among transects(F=26.97, 2,111 df, p<O.OOOl and F=24.30, 2, 11 df,
p<O.OOOl).

In all transectsthere was an area in the center of the channel where water
depth was quite shallow (Fig. A4). Transect 5 had a deep hole near the
shore of Folsum Island. Figure A4 also shows the distribution of mussels
acrossthe channel. It is apparentthat the number of mussels and species
richness are at minimums in the middle of the channel in Transect5 as
they were for Transects3 and 4 (Hornbach, 1995). As Hornbach (1995)
noted, these trends reflect what was predicted by Johnsonand Chisholm
(1995) based on composite suitability indices from their PHABSIM model
for Transects3 and 4 and this prediction was also upheld for TransectS
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(Figs. A4, and A7 in Johnsonand Chishoim (1995)). Figures AS and A6
show that water depth still significantly influenced the number of mussels
collected and the richness of the mussel community as was true for when
data from Transects3 and 4 were analyzedalone (Hornbach 1995).
Maximum musseldensity still occurred at a depth of 1.55 m while the
maximum number of species occurred at a depth of 1.58 m rather than the
1.49 m determinedwhen only data from Transect3 and 4 were used
(Horubach 1995). The r2 for the relationshipswere lower when TransectS
data were included in the analysis,probably becauseof there were a
number of locations along Transect5 where the water depth was average
but where few musselswere found. Again, part of this varianceis due to
the fact that Transect 5 was sampledwhen there was a higher discharge
from the river (Table Al) and thus if the depth values were adjustedit is
likely the r2 would be higher.

There was still no significant influence of bottom flow on either the
number of musselsor the number of speciescollected along the transects
(Figures A7 and A8) as reported by Hornbach (1995) when only data from
Transects3 and 4 were used. Also there was no significant difference in
the number of musselsor the number of mussel species among the various
sediment types identified along the transect (Figures A9 and AlO) if you
adjust for the difference in number of mussels or number of speciesper
station among transects(2-way ANOVA).

Hornbach (1995) noted that the influence of depth on mussel abundance
appearedto be especially important for small mussels. In Transects3 and
4 only 24 of the 79 stationshad mussels< 25 mm in shell length. The
depth of stations which had small mussels was significantly greater than
for those stations that did not have small mussels (t=2.48, 77 df, p=O.O2).
However, when Transect5 data are included in this analysis,there is no
significant difference in the depth of stations with and without small
mussels (Figure Al 1). This changeis mainly due to the increasein the
averagedepth for locations with musselsonly > 25 mm in shell length,
mostly due to the deep hole in Transect5 where only large musselswhere
found and the increasedepth do to the higher dischargelevel when
Transect5 was sampled. There were still no small mussels found in
shallow areas (< 0.94 in), which still supportsHornbach’s (1995) hypothesis
that small mussels are excluded from very shallow areas.
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Based on the PHABSIM results from the model of Johnson(1995) and
Johnsonand Chisholm (1995), a dischargeof greater than 4000 cfs would
be neededto provide the maximum habitat for mussel density and species
richnessin the eastchannel of the St. Croix near Folsum Island. Since
Hornbach (1995) recommendeda minimum dischargeof greater than
4,000 cfs or a run-of river flow regime based on the examinationof
Transects3 and 4. The additional data provided for Transect5 in this
addendum supports that recommendation.
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Table Al. Attributes of the two transectssampledin the East Channel of
the St. Croix River by Folsum Island, InterstatePark.

Attribute Transect 3 Transect 4 Transect 5

Date Sampled June 14, 1995 June 16, 1995 August 9,1995

Latitude/Longitude at
East end of Transect

45023.65‘N

92039.66’W

45023.72’N
92039.71’W

45023.62’N
92039.67W.

Latitude/Longitude at
West end of Transect

45023.60’N
92039.75’W

45o23.66~ N
92039.83’W

45023.73’N
92039.80W

Discharge 6510-6540 cfs 6480 cfs 7310-7340 cfs

H
20 Temperature 19

0C 23.30C 220C

Conductivity 140 u±mhos•cm-l155 p.mhos•cm-l 135 imhos.cm-l

Dissolved 02 8.5 mg.L-l 8.1 mg.L-I 7.05 mg.L-l
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ABSTRACT.—We examinedphysical and biological factors that may influence

the distribution of the endangeredwinged mapleleaf mussel Quadrula

fragosa (Conrad, 1835). Quantitative sampling of the mussel community

was undertakenat two sites-in the St. Croix River known to harbor Q.

fragosa. Additional searcheswere conducted specifically for Q. fragosa

individuals. For each quantitative sample of mussels, substrate

composition, water velocity and depth were assessedand mussels were

identified and measured.In general, Q. fragosa does not have habitat

requirementsdifferent than the rest of the mussel community. Quadrula

fragosa occurred in shallower areas with lower bottom current velocity

comparedto the overall mussel community. There was no difference in

substratecomposition in areas with and without Q. fragosa. Mussel

community density and richness were higher in areas where Q. fragosa

was found. The mussel community associatedwith Q. fragosa was not

si~nificantlv different from the general mussel community in the area.

However three species (Truncilla truncara, Truncilla donaciformis and

Quadrula ,neranevra) were significantly associatedwith 0. fragosa. Due to

its ass~ociationwith dense and diverse mussel communities, management

that benefits the entire mussel community should be effective in

protec:in~ this endangeredspecies.
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INTRODUCTION

North America has the largest number of species of fresh water mussels in

the world. Unfortunately, of the 297 species and subspeciesof freshwater

mussels found in North America, 43% of the taxa are either extinct.

endangered,threatened,or candidates for federal endangeredspecies

listing (Williams et al., 1993). To reducerisk of extinction for these species,

it is necessaryto understandhow physical habitat characteristicsand

mussel community composition affect the distribution and population

characteristicsof these species.

Habitat characteristicssuch as water velocity (Fuller, 1974; Home and

McIntosh, 1979; Salmon and Green, 1983; Way er al., 1989;

Holland-Bartels. 1990), depth (Br~nmark and Malmquist. 1982; Stern.

1983; Doolittle. 1988; Strayer. 1983; Johnson, 1995), and substratetype

(Harman, 1972: Br~inmark and Malmquist. 1982; Vannote and Minshall.

1982; Salmon and Green, 1983; Strayer and Ralley, 1991) and fish host

distribution (Fuller. 1974; Watters. 1992. 1993) are commonly thought to

influence mussel abundanceand distribution. These factors appear to have

their influence at both the macro- and microhabitat level (Holland-Bartels

1990: Strayer, 1993; Strayer and Ralley. 1993; Strayer et al.. 1994: Di Maio

and Corkum. 1995)

Mussel community characteristicshave been shown to be good predictors

of the presenceof endangeredmussels. The endangeredHiggins’ eye

pearly mussel (Lampsilis higginsi) is usually found in local habitats that

appearto be optimal for the majority of sympatric unionaceanspecies



3

(Holland-Bartels, 1990; Wilcox et al.. 1993; Hornbach,er al., 1995; Miller

and Payne. 1995). Vaughn and Pyron (1995) found that mussel species

richness at a given site is the best individual predictor of the occurrenceof

the endangeredOi.rachita rock-pocketbook mussel (Arkansia wheeleri).

Also, Miller er al. (1986) found that the habitat characteristicsfor the

endangeredmussel Plerhobasus cooperianus were similar to other mussels

and that this speciesprimarily was found in very diverse and densely

populated mussel beds.

Quadrula fragosa is an endangeredmussel about which we know little. It

was frequently reported until the 1920’s (Eldridge, 1991) and formerly

occurred extensively in the Mississippi, Tennessee,Ohio and Cumberland

River drainages(Eldridge. 1991). Quadrula fragosa was listed as an

EndangeredSpecieson 22 July 1991 (Eldridge, 1991). Presently, the only

known population of Q. fragosa is found in the St. Croix River, from

Interstate Park to Osceola,Wisconsin (Fig. 1). The significant decreasein

number and range of Q. fragosa is thought to be due to destruction and

modification of its habitat (Eldridge, 1991). Recent reports of zebra mussels

(Dreissena polvmorpha) approximately 80 km downstreamin the lower St.

Croix River (Baker er at., 1996). pose a further risk to this isolated

population of Q. fragosa.

The St. Croix River contains many diverse and dense mussel beds (Dawley,

1947: Fuller, 1980; Stern, 1983; Doolittle. 1988; Hornbach, 1992). There

have been only two recent unpublished studies of the last known

population of Q. fragosa, 1990 (David Heath. pers. comm.) and 1992 (Glen
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Miller. pers. comm.) together reporting 59 live individuals. Unfortunately

the objective of these studies did not include the assessmentof physical

habitat characteristics.The objective of this paper is to characterizeQ.

fragosa habitat and community relationshipsin the St. Croix River.

MATERIALS AND METHODS

Study sites.—Thisstudy was conductedat two areasin the St. Croix River:

1) Interstate Park near Taylor’s Falls, Minnesotaand St. Croix Falls,

Wisconsin, and 2) Franconia,MN (Fig. 1). The Interstate Park study site

(River Mile 49.5-50.5) is located approximately 3.5 km downstreamof a

hydroelectric peaking dam. The Franconiasite (River Mile 47.5-48.5) is

approximately 3.2 km downstreamof the Interstate site. These sites were

chosen becauseof the presenceof Q. fragosa (David Heath, pers. comm.).

Sampling took place during 1991, 1992. 1993 and 1995. We took a large

number of quantitative samples (0.25 m2 quadrats)at each area in order

to locate Q. fragosa and to characterizethe mussel habitat. This required

multiple samples to be taken at each site to characterizespatial variability

in habitat characteristics.We also resampleda number of sites to

characterizetemporal variability in habitat characteristics.At Franconia.

we sampledten sites in 1991 and returned to thesesites in 1995 (Fig. 1).

At each site, ten individual quadratswere sampledgiving a total of 200

quadrats sampled. At Interstate Park. we sampled fifteen sites near the

channel east of Folsum Island in 1992 (Fig. 1) and resampledthe middle

and easternsites in 1995. As at Franconia.we took ten individual quadrats

at each site. In 1993 three sites, near Blast Island (about 500 m
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downstream) were sampled. with eight quadrats taken per site. Finally in

1995, two sites upstream of Blast Island were sampled. with ten quadrats

per site. This gave a total of 294 quadrats sampledat Interstate Park.

Sampiing.—Thesampling method at each quadratwas consistentamong

years. A 0.25 m2 metal frame was placed on the sediment and the top ten

centimeters of substrateand all mussels were removed by researchers

using SCUBA. The substrateand musselswere placed into a 19 1 plastic

bucket which was lifted to the surface. The contentsof each bucket were

passedthrough a seriesof four sieves with openings of 77, 12.7, 6.35 and

0.5 mm, respectively. The substratein each sieve was weighed to the

nearest0.25 kg using a hanging spring scale. These wet weights were used

to calculate the percent substratesize composition and an average

sediment diamecer (phi size (~) = (-log
2(sedimentdiameter)) (Lewis, 1984).

All mussels were removed from the sieves and identified. Care was taken

to collect juvenile musselshanging from the sieves by their byssal threads.

The shell length of each was measuredto the nearest0.01 mm using dial

calipers. Water velocity at each quadrat was measuredusing a

Marsh-McBirney, model 201-D or Global Water 201 flow meter at the

substrate water interface: the depth was measuredto the nearest0.02 m

using a calibrated metal rod.

Sampling specifically for Quadrula fragosa.—In the sampling regime noted

above, only three Q. fragosa were found (one at Interstate Park and two at

Franconia). Consequently.a specific search for Q. fragosa was instituted.

The water clarity was sufficient to differentiate species underwater, thus
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divers searchedby sight and touch for Q. fragosa. At Interstate Park, 36

diving hours were spent searching specifically for Q. fragosa in 1992, 11.3

hours in 1993 and 7.25 hours in 1995. At Franconia, we spent 9.25 diver

hours conducting species-specificsearchingin 1995. When a Q. fragosa

individual was located, researchersmarked the exact location with a buoy.

A 0.25 m2 quadrat was centeredwhere each Q. fragosa was found and the

substrate and mussels within were removed and analyzed in the manner

mentioned above. The depth and water velocity were also measuredas

describedabove. Each Q. fragosa found was measured,and returned to the

substrateby hand.

Statistical analvsis.—Statisticalanalyseswere conductedusing JMP 3.0

(SAS. 1994) on a Macintosh 8100. The following working hypotheseswere

tested:

1) Within establishedmussel beds there was no siwificant difference in

habitat characteristics(sediment type, water velocity and water depth)

betweenlocations where Q. fragosa was or was not found; and.

2) Within establishedmussel beds there was no significance difference in

the mussel community (speciescomposition. speciesrichness, mussel

density, and mussel size) where Q. fragosa was or was not found.

For hypothesis 1 and for the species richness and mussel density

comparisonsin hypothesis2, two types of statistical analysis were

conducted. First. standard non-parametric tests (Wilcoxon rank score test)

were used to compare habitat characteristicsand community measures

between quadrats with and without Q. fragosa. Non-parametric tests were
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used becausethere was no a priori reason to suspect that the distributions

were normal (e.g. speciesrichness, substratesize, etc.) or the distributions

were not normal (Shapiro-Wilk W test). Since we were dealing with a rare

and endangeredspecies, few quadrats with Q. fragosa were found.

Consequently, sample sizes varied considerably between quadrats with

and without Q. fragosa. To develop confidence limits for any differences

found we used the bootstrap method (Manly, 1991). We took 1000

bootstrap samples to calculate the differences and their standard

deviations between quadrats with and without Q. fragosa. To compare

mussel communities in quadratswith and without Q. fragosa a chi-square

analysis was conducted.

RESULTS

Water velocity and depth.—Thewater velocity at the sediment-water

interface varied considerably ranging from 0-0.6 m/s. Some of this

variability is due to the presenceof a hydroelectric peaking plant just

upstreamof the Interstate Park site. The average dischargewas 26%

hi2her for the times we collected quadratswithout Q. fragosa

(avera~e=l17.8 m3/s. standard deviation=55.2 m3/s) compared to the

times we collected quadratswith Q. fragosa (avera~e=93.7 m3/s, standard

deviation=44.6 m3Is). The percent changein water depth and velocity is

less than the change in discharge (see discussion). Thus. we would have

expecteddifferences in water velocity and depth for quadrats with and

without Q. fragosa to be 26% or less, if all of the variance was due to

difference in discharge at the times of collection.
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The water velocity at the sediment-waterinterface was 32% lower for

quadrats where Q. fragosa was found than in quadratswhere Q. fragosa

was not found (Wilcoxon Z=-1.97, P=0.049, Table 1). The depth ranged

from 0.17 m to 4.7 m with 97.5% of the measurementsless than 2.7 m. The

water depth was 45% lower at sites where Q. fragosa was found (Wilcoxon

Z=-3.09, P=0.002:Table 1).

Substrate composition.—Thepercentageof sediment in each sieve was

calculated for each quadratand expressedas the mean phi for the whole

quadrat. The mean phi for quadratscontaining Q. fragosa ranged from 0.49

(sand) to -5.1 (large cobble). There were no significant differences found

betweenquadratswith Q. fragosa and those without Q. fragosa (Wilcoxon

Z=0.30. P=0.76: Table 1).

Community composition.—Quantitativesampling resulted in the collection

of 2869 individual mussels representing30 species (Table 2). Overall, the

average density was 22.1 mussels/in2with a maximum density of 148

mussels/in2. Average richness was 2.7 species/O.25in2 quadrat, with as

many as 12 speciespresentin a single quadrat.Only 26 specimensof Q.

fragosa were found: 23 were found at Interstate Park and three were

found at Franconia.All but three of the Q. fragosa specimenswere found as

a result of species specific searching.

Mussel density was significantly greater in quadratswhere Q. fragosa was

present(Wilcoxon Z=4.34. P<0.000l: Table I). Also. quadratscontaining Q.

fragosa had more mussel species than did quadratswithout Q. fragosa
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(Wilcoxon Z=5.26, P<0.000l, Table 1).

Mussel communities in quadrats with and without Q. fragosa were

significantly different (x2 = 31.16 10 df, P<0.0006; Table 2). This is

primarily due to the larger number of speciesfound in quadratswith Q.

fragosa (Table 1). We attemptedto determinespatial associationsamong Q.

fragosa and other mussel speciesusing a chi-square test of association

(Ludwig and Reynolds, 1988). Three species were significantly associated

with the presenceof Q. fragosa: Quadrula metanevra(x2=4.39~ 1 df,

P=0.036), Truncilla donaciformis(X2=l3.2O, 1 df, P=0.0003), and Truncilla

truncata (x2=6.O6. 1 df, P=0.014).

The mean shell length of all mussels found in quadratswith Q. fragosa was

larger than that of mussels found in quadratswithout Q. fragosa (Wilcoxon

Z=3.91. P=0.00l; Table 1). Of the three species significantly associatedwith

Q. fragosa. T. truncata had significantly larger individuals in quadrats with

Q. fragosa compared to quadratswithout Q. fragosa (Wilcoxon Z=2.53,

P=0.0l1; Table 1).

DISCUSSION

Quadrula fragosa is limited in its current distribution to a small area just

below the St. Croix Falls Dam on the St. Croix River (Fig. 1). The exact

reasonsfor this limited distribution are unknown. This study indicates that

Q. fragosa is found in areasof slightly lower water velocity and shallower

depth than other areas that we sampled (Table 1). Part of the reason for

this result is that we collected quadrats with Q. fragosa at times when the
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discharge was less than those times when we collected other quadrats.

However, when Johnson (1995) conductedan instream flow study at the

same sampling sites where we conductedthis study, he found that with a

change in discharge from approximately 94 m3/s to 120 m3/s, depth

increased less than 20% and mean column velocity increasedless than

Because the differences between depth and water velocity between

quadrats with and without Q. fragosa were larger than these percentages.

it appearsthat these physical habitat differences are real.

Depth has an important impact on the mussel community. A number of

studies have shown that desiccationcan lead to high mortality of mussels

(Fuller, 1974; Strayer, 1983; Miller et al.. 1984). Doolittle (1988) found

most mussels in the St. Croix River at a depth near 2.0 m. In a study on the

Wisconsin and St. Croix Rivers, Stern (1983) found the maximum density of

mussels at a depth of approximately 1.7 meters. In this study, we also

found that speciesrichness and density peaked at depths near 2.0 meters.

No Q. fragosa were found in depthsless than 0.42 m.

0. fragosa in the St. Croix River had similar substratepreferencesto other

mussels (Table 1). In the St. Croix River. Doolittle (1988) indicated that the

majority of mussels are found in stable substrates,such as those found a:

Interstate Park and Franconia. Strayer and Ralley (1993) hypothesized

that the correlations betweenmussel communities and substratemay be

related to substratestability and the habitat it provides rather than its

particle size. A recent study by Strayer (1993) supports this hypothesis.

Vannote and Minshall (1982) also found substratestability to be an
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important factor affecting mussel distribution.

Three speciesof mussel, Quadrula metanevra, Truncilia truncata and

Truncilla donaciformis, were significantly associatedwith Q. fragosa. The

nature of that associationis unknown. Doolittle (1988) found associations

between Truncilla truncata and Quadrula metanevra in the St. Croix River.

TruncilIa truncata is the dominant speciesat Interstate Park (Table 2), 50

one might expect a correlationbetweenit and Q. fragosa. However, Q.

metanevraand T. donaciformis are comparatively rare. A common fish

host(s) or similar environmental requirements may explain the correlation

between Q. fragosa and these other species.Truncilia truncata, T.

donaciformis and Q. metanevraall share as a fish host the sauger,

Stizostedion canadense(Watters. 1994), which is found in the St. Croix

River (Fago and Hatch. 1993). The fish host for Q. fragosa is unknown.

We intentionally sampled in areas with known high mussel species

diversity and density in the St. Croix River. Doolittle (1988) found that the

Interstate Park area had the highest speciesdensity and richness of the

entire St. Croix River basin. This site is downstreamof a hydroelectric

peaking dam which formerly was a low waterfall. Fuller (1974) attributed

increaseddensity below dams to the maintenanceof a stable substrate.

increased food availability due to phytoplankton growth in reservoirs

behind dams and highly oxygenated water. However, other studies have

shown that regulation of streamfiow by dams can adversely influence

mussel populations (Tudorancea.1972; Fuller, 1974: Miller et al.. 1984;

Williams et al.. 1993). Thus, the positive and negativeeffects of dams on
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mussel communities are dependenton site-specific riverine and

managementconditions.

Within this rich and denseareaof the St. Croix River, Quadrula fragosa was

found in areasof highest mussel density and speciesrichness (Table 1).

Similar findings have been reported for other endangeredspecies of

mussels (Holland-Bartels, 1990; Wilcox et al., 1993; Hornbach et al., 1995:

Vaughn and Pyron, 1995; Miller et al., 1995). Due to the associationof Q.

fragosa and other endangeredspecies with dense and diverse mussel

communities, managementthat benefits the entire mussel community

should be effective in protecting the endangeredspecies that reside within

these communities.

The viability of Q. fragosa populations seems uncertain. After 494

quantitative samples and 63.8 diver-hours of specific searching,only 26

specimensof Q. fragosa were found. The population of Q. fragosa appearsto

be very small and localized, making it prone to stochasticdisturbances.The

impendinainvasion of the zebra mussel to the St. Croix River (Baker et al..

in press). and its detrimental effects on unionids (Mackie, 1991; Hunter

and Bailey, 1992) seems to further decreaseQ. fragosa’s chancesof

survival.
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Table 1. — Summary of habitat characteristicsfor the Quadrulafragosa
community and for the “average unionid she” as sampled in the St. Croix
River. Variables with asterisksare significantly different at P<0.05. All
variables are expressedas mean ± one standard deviation

Variable Q. fragosa
community

Overall
unionid

community

Difference based
on bootstrap

analysis

Water Depth (m)* 0.98 ±0.46 1.42 ±0.79 0.48 ±0.19

Velocity at sediment-
water interface (m/s)*

0 19 ±0.10 0.25 ±0.13 0.05 ±0.04

Substratesize (4,) -1.9 ±1.1 -1.9 ±1.4 0.01 ±0.34

Unionid density
(inussels/in2)*

37.5 ±18.2 21.3 ±22.6 16.7 ±5.5

Unionid richness
(species/0.25 in2)* 4.9 ±1.8 2.6 ±2.0 2.3 ±0.5

Unionid shell length
(all species- mm)

44.6 ±22.3 40.0 ±23.5 4.5 ±2.2

TruncilIa truncata
shell length (inin)* 36.8 ±12.8 33.9 ±12.7 2.9 ±1.6
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Table 2. — Mussel community composition in the St. Croix River from
Franconia; MN to Interstate Park. MN and WI comparing quadrats with
and without Quadrula fragosa.

Species Quadrula fragosa Quadrula fragosa All quadrats

Absent Present
Number

Acrinonajas ligamentina 115
Alasmidonta marginata 1 1

Amblema plicata 28
Cvclonaias ruberculata 26
EUipsaria lineolata 32
Elliptio dilatata 77
Epioblasma triquetra 50

Fusconaja flava 1 3 1
Lampsilis cardium 1 8

- Lampsi!is higginsi 6
Lampsilis siliquoidea 1 5

Lasmigona complonata I
Lasmigona compressa

Lasmigona costata 5

Leptodea fragilis 64
Ligumia recta 8

Obliquaria reflexa 34

Obovaria olivaria 2 1
Pleurobema coccineum 47
Poramilus alatus 24
Pyganodon grandis

Quadrula fragosa 0
Quadrula meranevra 8 1
Quadrula pustulosa 1 3 1
Quadrula quadrula 2
Strophitus undulazus 2
Toxolasma parvus 1 2
Trirogonia verrucosa 42
Truncilla donaciformis 1 97
TrunciUa truncara 1421
Unknown Juvenile 9
unidentified 1 2
TOTAL 2625

4.38
0.42
1.07
0.99
1.22
2.93
1.9

4.99
0.69
0.23
0.57
0.04
0.08
0.19
2.44
0.3
1.3
0.8
1.79
0.91
0.04

0
3.09
4.99

0.08
0.08
0.46
1.6

7.5
54.13
0.34
0.46

Number

T

3
4
4
3
4

9

0
2
0
0
0

4
2

0

26
9
8
0
0

5
17
129
0
0

244

2.87
0.41
1 .23
1.64
1.64
1.23
1.64
3.69
0.41

0
0.82

0
0
0

0.41
0.41
0.82
1.64
0.82
0.41

0

10.66
3.69
3.28

0
0

0.41
2.05
6.97

52.87
0
0

Number

12
31
30
36
80
54
140
19
6
17

2
5

65
9
36

25
49
25

26
90
139

2
13
47
214
1550

9
12

2869

4.25
0.42
1.08

1.05
1 .25
2.79
1.88

4.88

0.66
0.21
0.59
0.03
0.07
0.17
2.27
0.31

1.25
0.87
1.71
0.87
0.03
0.91
3.14
4.84
0.07
0.07
0.45
1.64

7.46
54.03
0.31
0.42
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FIGURE CAPTIONS

Figure 1.—Map of study area. Dots indicate areas where multiple 0.25 in
2

quadrats were sampled
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REVIEW OF AN INSTREAM FLOW STUDY PERFORMED ON QUADRULA
FRAGOSA IN TILE LOWER ST. CROIX RIVER, WISCONSIN

This report presentsa review of an instream flow study performed on the wingedmapleleaf
mussel(Quadrulafragosa)in the St. Croix River. Thestudy ofinterest(Johnson1995)
consistedofan application of the InstreamFlow Incremental Methodology (IFIM) to determine
the flows neededto restoreandprotect habitat for winged mapleleafmusselsand other biota of
theriver. The focusofthe IFIM study wastheeffectof fluctuating flows resulting from the
operation ofNorthern StatesPower St. Croix Falls Hydroelectric Project. The IFIIM study relied
on data collectedin another study (Hombach 1992),and the extentto which thesedata were
usedby Johnsondictated the levelofour review ofthe Hombach study.

In general,the IFIM report is a well-written document,but it provides very little in the way of
details regarding how the IFIM modeling was performed. This is an important issue,because
IFIM studies involve large amounts offield data and a significant levelofanalysis. Typically,
IFIM reports provide much more information on study designand model calibration than that
contained in Johnson’sreport. Our detailedevaluation ofthe report is centeredon four primary
topics: (1) study site selectionand representativeness,(2) habitat suitability criteria, (3)
PHABSIM model calibration, and (4) the proper approach for evaluatingimpactsof
hydroelectric peaking operationswithin an IFIM framework.

1. STUDY SITE REPRESENTATIVENESS

IFIM study sitesaregenerallyselectedon thebasisoftwo guidingprinciples:
representativenessand critical habitat. Both have beenused in this study, but neither was
supported by sufficient data or justification to adequatelyaddresssite selection. The Franconia
Site wasselectedbecauseit representeda 12-milestretch of the St. Croix River. This is a
straightforwarduseoftherepresentativereachapproach,but no objectivebasiswaspresented
for theselectionof this site over any other. The application of this approach could havebeen
strengthenedby habitat mapping (Morhardt et al. 1983). The Folsum Island sitewasselected,
accordingto the report, “to encompassthe critical riffle locatedin the eastchannel”. The
reasonfor labeling the eastchannel asa critical habitat is presumablybasedon Hornbach’s view
that it supports oneof themostabundant and diverseassemblagesofmusselsin the St. Croix
River. Neither report (Hornbach or Johnson)provide much in the way of explanation asto why
density and speciesrichness is sogreat in this area,and herein liesa contradiction. On the one
hand, the site was selectedbecauseit containsoneof thebestassemblagesofmusselsin the
river; yet on the other hand, the report repeatedlyrefers to the eastchannelhabitat as severely
degraded, not only becauseofflow fluctuation, but also more importantly, to dewateringof
much ofits areaatlow flows.

Theseapparent contradictions in the valueofmusselhabitat in the eastchannel raisequestions
about the validity of using this site to developinstreaxn flow recommendationsfor the St. Croix
River. Doespreferred musselhabitat exist in deeppools or riffles? At all sitesexcepttheeast
channel, as flows increase,deeppool habitat becomesdominant (Figures 15—18of the report).

WP61A261001.TX.i 1



Despitetheseconcerns,the questionremainshow muchweightshouldbe placedon theWUA
dynamics of the FolsumIsland site, in particulartheeastchannel. Are thereotherislandsin the
river with similarchannelhydraulicconditions. Shoulddecisionsregardingflow managementat
theprojectbedeterminedlargely on thebasisof this singlesite? Thedewateringoflarge
segmentsof theeastchannelatlow flows maybeaphenomenonthat is uniqueto thisoneplace
in theriver. Thenavigationchannelis configured(naturallyor by dredging)to takemostof the
wateratlow flows to provide for boat passage.It standsto reasonthat the other channel (east
channel)wouldbe dewateredat low flows.

TheFolsum Island site alsoraisesquestionsregarding conflicting information and statements
madein thereportregardingoptimalhabitatfor musselsin the St. Croix River. Basedon the —

suitability criteriapresentedby Johnson,musselswould not beexpectedto live in riffles, atleast
astheyare definedby Aadland (1993). This seemsto be in directoppositionto statementsmade
in thedocumentthattheFolsumIslandarearepresentsa“critical riffle” in theSt. Croix River
andotherstatementsmadeaboutthe importanceof riffles as habitatfor mussels,fish, and
invertebrates.ReviewingtheIFIM modelresults,it seemsreasonableto concludethat the east
channelcritical riffle is too shallow,and perhaps to swift, for musseldensity, regardlessofthe
flow. This is confirmed by the cell-specificdata provided in Addendum A to the report, where
we find mostcells to havea compositesuitability ofbetween0.2-0.4for musseldensity. The
overall shallownessof the eastchannel is demonstratedin the bed profile plots provided in the
Addendum. It is alsostrongly reflected in the macroinvertebrateWUA curvesprovided in the
report, which show this studyareato betheonly onecontainingadequatehabitat (seeFigure
1 Qa). The large amount of habitat in the eastchannel for invertebrates is due to a combination of
substratetypeanddepth,but,we suspect,moredepththananythingelse.

2. HABITAT SUITABILITY CRITERIA

The validity and applicability of habitat suitability criteria (HSC) is oneof the most important
issuesin any IFIM study. This is becausethe suitability criteria representthe rules by which
physicalparametersare transformed into habitat. There are severalpotential problems and/or
areasrequiring clarification relative to the developmentof HSC for musseldensityandspecies
richnessin the St. Croix River study. Thesecanbe divided into five general areas: (1)
theoretical problems with developingHSC for complexbiological parameters(i.e., mussel
densityand speciesrichness),(2) useof preferencefunctions for HSC, (3) useof the mussel
HSC to representQ. fragosa,and (4) insufficient information on the analytical methodsusedto
developHSC.

The methodsby which HSC were developedfor musseldensityandrichnessraiseserious
questions. To beginwith, the notion of suitability criteria for complexbiological parameters of
largely sessileorganismsis a dubious concept. Attempts to developHSC for similar parameters
for macroinvertebrates havebeenlargely unsuccessful(BA 1991). The root of theproblem lies
in attempting to correlate instantaneousmeasuresof different river parameters(depth and
velocity) with “long-term” measuresof community structure (density and richness). Unlessthe
river parametersof interest do not vary significantly overtime, the density/richnessultimately
achievedby a musselassemblageis afunction of alarge number of depthsand velocitiesthat
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haveoccurredover time,not to mentionotherfactorssuchas watertemperature,silt load,and
host habitat. Johnsonhasattemptedto correctfor this inherentvariability in habitat,atleast
with respectto depth,by “standardizing”depthmeasurementsto “a damreleaseof 1,600cfs”.
However,no justificationis given in supportofthis assumption(thatthe musselcommunities
sampledby Hornbachwererespondingto aflow of 1,600cfs). Actually,prior to 1989 this
sectionof river had no flow during winter months. No similaradjustmentwas attemptedfor
velocity. In fact, velocity HSC wereonly developedfor musseldensitybecause“There wasno
observedvelocity preferencefor speciesrichness.” No explanationis givenas to whyvelocity
would be a determinant of speciesdensitybut not speciesrichness. Thesegeneralproblems
discussedaboveare essentiallythe result of taking data that weredevelopedfor onepurposeand
usingthem for anotherpurpose. Hornbach’s study was simply not designedto collectdata for
use in thedevelopmentof musselHSC.

We alsohavereservationsregarding the use of availability data to generate“preference”
functionsfor musseldensityandrichnessdepth and velocity suitability criteria. The analytical
procedure usedfor the St. Croix IFIM calculatesa “preference” value by dividing habitat useby
habitat availability. The theoretical basisof this analytical procedure hasbeen questionedin the
literature(MorhardtandHanson1988; Parsonsand Hubert 1988). The hypothesisunderlying
the procedureis thathabitattypes(i.e.,depthandvelocity intervals)thatarehighin availability,
or abundant, but little usedare not preferred, whereashabitat typesthat are low in availability
but highly usedare preferred. In order for this hypothesisto work, the organism mustbe
capableof “observing” or “experiencing” all or mostof the available habitat and then makea
consciousdecisionto passoverless-preferred habitat in favor of more-preferred habitat. It is
this hypothesisthat hasbeen questionedin the literature. It may not apply to fish species,as
argued by Morhardt and Hanson (1988),andit certainly doesnot apply to re.latively sessile
organismssuchasmussels.

Oneof the more important assumptionsmade in the IFIM study isthat the HSC developedfor
musseldensityand speciesrichnessare essentiallyrepresentativeof Q.fragosahabitat
requirements. This assumptionwas required becauseonly ten Q. fragosawere found by
Hornbach,,thereby precluding the developmentof species-specificHSC, and it was supportedby
Johnsonon the basisof statementsmadeby Hombachthat Q. fragosawas associatedwith high
quality musselhabitat. Hornbach’s conclusionwasbasedon a seriesof comparisonsmade
betweensamplesthat containedQ.fragosaand samplesthat did not. Webelievethere are
sufficient number of uncertainties and contradictions in Hornbach’s work to question the
validity of Johnson’s assumptiOn.-First, the samplingstrategyused byHornbach differed
betweenthe 10 “with” Q.fragosa samplesand the 149 “without” Q.fragosasamples. The
149 “without” sampleswerecollectedusinga transectand grid scheme,while 9 of the 10 “with”
sampleswere collectedby actively seekingout Q. fragosa. While this difference in sampling
procedure is understandablegiven the scarcity of Q.fragosain the St. Croix River, it does,
nonetheless,leadus to becomelesscertain of thevalue of the comparisons. Furthermore, the
fact that no statistically significant difference in depth was found betweenthe “with” and
“without” samplescloudsthe issue,asdoesthe fact that the “with” samplesexhibited slower
water (0.3 mIs) than the “without” samples(seeHornbach’s Figure 14d). Collectively, these
aspectsof Hornbach’s study raisequestionsregarding the validity of thebasicassumption of
applying the musselspeciesrichnessand densityHSC to Q.fragosa.and alsoof the
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applicabilityof the IFIM resultsasan accurateindexofhabitatfor Q. fragosa.

In general,not enoughinformationis providedin the reportto evaluatetheanalysesand
techniquesthat wereusedto developtheHSCfor musseldensityandspeciesrichness.For
example,in the sectionof the report describing the curve-fitting procedures, the resulting
functionsaregiven butthe rawdataon whichtheywerebasedhavebeenomitted. No goodness-
of-fit statisticsare provided. It is not possibleto evaluatethe developmentof the HSC functions
without this information.

3. PITABSIM MODEL CALIBRATION

Thereport provides little in the wayof calibrationdetailsof theuseof the PHABSIMhydraulic
models. The general modelsselectedfor useappear appropriate, but little is offered to evaluate
whetherthey were appropriately calibrated or performed acceptably. The two modelsusedto
predict water surfaceelevations(WSPand MANSQ) wereappropriate, given that only two
water surfaceelevation measurementsweretaken at both the FolsumIsland and Franconia sites.
Thesemodelsare hydraulic models basedon the “step-backwater” approachand the Manning
Equation, and, as such, should only be used by hydraulic engineersor hydrologists familiar with
openchannel hydraulics. Useof the IFG-4 model to simulatevelocitiesand HABTAE to
predict WUA is alsoappropriate.

Model-calibration is a critical elementof IFIM studies. Accurate simulation of transectdepths
and velocitiesis essentialto ensuringaccuratepredictions of WUA. The St. Croix lFIM report
provides very little in the wayof calibration details. The only information provided ,gonsistsof
the details of the Velocity Adjustment Values(VAF), given in Appendix D of the report.
Unfortunately,theVAF valuesgiven suggestirregularities or errors in modelsimulations.

Basically,VAFs areaninternalcorrectionfeatureoftheIFG-4 modelthatcompensateforthe
fact thattheManning“n~~ valuesareheldconstantin the modelas afunctionof flow whenin
reality, according to hydraulic theoiy, they should changeasa function of flow. The Manning
“n” valuesare sometimesreferred to as roughnesscoefficients,becausethey representriver
friction, or resistanceto flow. TheIFG-4 modelcomputesseparaten valuesfor eachtransect cell
basedon field-measuredvelocitiesand depths,using the following modification of the basic
Manning equation:

n = 1.49/v * d~ *

where:
n = n value
v = cell velocity
d = cell depth
s = water elevation slope
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1 The theoreticalrelationshipbetweenn valuesand
flow is expressedin thegeneralizedfigure shown.

At low flows alargeportionof theflow volume
C I comesin contactwith the substrate(i.e.,bouncing

into rocks), and as a result thewater velocity is
significantly slowed. Hence, flow resistance(and
correspondingly, n values) are high at low flows.
At highratesofflow, amuchsmallerportionofthe
flow volume comesin contact with the substrate,

______________________________and thus resistanceto flow (and n values)are low.
The IFG-4 model,however,doesnot contain a

mechanismto alter n values as a function of flow. It simply holds constantthe n values that are
computedat the field-measured flow level (3,200cfsin the caseofthe St. Croix River IFIM)
acrossall simulation flows. Thus, the modelviolates thetheoretical relationship shownabove
by failing to increasen valuesat flows below 3,200cfs and, conversely,to decreasen valuesat
flows above3,200cfs. The inevitableoutcomeis the modelwill over-predict velocitiesat low
flows andunder-predictvelocitiesathighflows. Recognizingthis potential problem, the model
developers(the USFWS) createdthe VAF asa compensatingmechanism. Not only do the
VAFs compensatefor constantavalues,but theyalsoprovide insight into model calibration.
For a well-calibrated model, the VAF-vs.-streaniflow relationship should be a mirror P geof
the theoretical n value-vs.-streamflowrelationship. That is, theVAFs should besmall at low
flows (i.e., lessthan1.00),passthrough 1.00 atthe field measurementflow (3,200cfs in this
case),andbelargeathighflows (i.e.,greaterthan 1.00). Transectsexhibiting thesedynamics
reflect a well-calibrated model. Deviationsfrom this behaviorreflect problems with model
calibrationthatcan leadto erroneousmodelpredictions.

Suchdeviations are present in the VAF valuesof the St. Croix River IFIM study. For example,
all transectsin theNavigationalChannel,two in the EastChannel, and one in theMain Channel
at FolsumIsland exhibit VAF-vs.-streamflowrelationshipsthat reflect data and/or model
calibration ,problems. This representsmore than half the transectsat the FolsumIsland site. On
the other hand, all the Franconia transects exhibit normal VAF dynamics.

In nearly all the casesof deviant VAF behavior, the shapeof the VAF curve is directly opposite
to what it should be, as seenin the figures given on Page6. In other words, at low flows VAF
values are high, whereasat high flows they are low.

When VAF dynamicshaveapattern like thosein the navigation channel,the IFG-4 model is
over predicting river stage(water surfaceelevation)at high flows and underpredicting stageat

low flows. This leadsto errors in both depthand velocity predictions. At low flows, the model
predicts depths that are too shallow and velocitiesthat are tooswift. Conversely,at high flows
the model predictsdepths that are to deepand velocitiesthat are too slow. Theseerrors canhave
significant effectson predictions of WUA.
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Thecalibrationerrorsmaylie in anumberof areas,including (1) errorswith theregression
modelusedto partition flow betweenthenavigationchannelandeastchannel,(2) applicationof
theWSPorMANSQ models,or (3) applicationof the IFG-4flow model. Model calibration
detailsshouldbe evaluatedby ahydrologistor hydraulicengineerfamiliarwith hydraulic
simulationto uncoverthe sourceof theerrors. Theeffectsof theseerrorson modelsimulations
shouldbeexaminedaswell.
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4. TILE PROPER PERSPECTIVE FOR EVALUATING FLUCTUATING FLOW
IMPACTS

Perhapsthemostsignificantproblemwith the St. Croix IFIM studyisits narrowfocusin
consideringalternativeflow regimesandits apparentbiasin supportof themn-of-the-riverflow
recommendation.Johnsondoesnot developadefensibleargumentin supportof the
recommendedmn-of-the-riveroperationalmode,andin fact therecommendationdoesnot
appearto be basedon theIFIM analysis. Onpage28 of thereport,Johnsonstates,“An
important stepin the instreamflow assessmentis to comparehabitatconditionsunderthe
recommendedflow regime(run-of-the-river)to habitatconditionsundertheexisting flow
regime(peaking).” Thisstatementleavestheimpressionthatcomparinghabitatunderthesetwo
conditionswasan afterthought to the recommendationrather than the basis for making it.

The documentinadequately addressesalternative peaking regimesin the St. Croix River. The
IFIM dataarenearlyignoredas theauthorconsidersonly two possiblealternatives:continued
peakingoperationwith a800 cfs minimumflow vs. run-of-the-riveroperation.Dataavailable
from the PHABSIM modelingare significantly under-utilized in thisregard.This simplistic
viewof alternativesignoresanumberof analysesthatshouldbeperformedwhenevaluatingthe
effectsof fluctuatingfib .egimesbelowpeakinghydroelectricprojects.

IFIM studiesthataredesignedto evaluatehabitatchangesunderfluctuatingflows anddevelop
flow recommendationsdownstreamof peakinghydroelectricplantsroutinelyuseavarietyof
approachesto considerchanginglocationof habitatfor selectedspecies.The “dual flow” and
“effectivehabitat”modelingtechniques,amongothers,werespecificallydevelopedfor
evaluatingalternative flow regimesin suchsituations (Gore et al. 1989). Resourceagenciesin
WisconsinandMinnesotatypically requestsuchmodelingtechniqueswhenevaluatingflow
regimes. Habitat modeling programs are availablewithin PHABSIMto performtheseanalyses
(Milhous et al. 1989).

Other issuesnoticeably missingfrom the report include wetted width and cell-specific
suitability analyses.IFIM studiesperformedto evaluatetheeffectsof fluctuatingflows
routinely evaluatechangesin theseparameters.Forexample,thereportshouldhavecontained
information on changesin wetted width under different peaking alternatives. This is particularly
important information in the light of statementsmadein thereport that dewatering is the primary
sourceof habitatdegradation.Two formsof outputthatarecommonlyincludedin IFIM study
.reportsarewettedperimetervs.dischargedata(for eachtransectandforall transectscombined)
andtotalriversurfaceareavs. discharge.Informationof this typeis oftenpresentedin graphical
andtabularform. An omissionof thistypeof informationshouldbe correctedso thatthe
conclusionscontainedin thereportcanbeevaluatedproperly. Of greaterimportanceis an
evaluationof thecell-specifichabitatatdifferentflows. Comparisonsof cell suitabilitiesatthe
highandlow endsof agivenpeakingregimeshouldbeexaminedto determineif the dewatered
areasrepresenthighqualityhabitatathighflows or not. Thefailureto performsuchan analysis
is amajordeficiencyof theSt. Croix River IFIM study. Someinformationof thistypewas
providedin AddendumA, in theform ofcell-specificgraphs.However,thesegraphswere
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limited to theeastchanneltransects.Theyshouldbe providedfor all transects,andthey should
be accompaniedby an analysisof theusablearealostunderdifferent peakingregimes.This is
particularlycritical in this study,as thedewateredareasmostlikely includeshallowmarginsof
theriver thatathighflows areoutsidetheoptimal depthrangeof mussels.

5. CONCLUSION

In evaluatingtheneedto alteroperationoftheNorthernStatesPowerSt. Croix Falls
HydroelectricProject, it is importantto considercertainfacts. No dataareprovidedby
Hornbachor Johnsonto suggestthatthemusselcommunity(including Q.fragosa)was more
abundantpriorto projectoperation. As statedby Hombach,thereareno pre-damrecordsof this
speciesin theprojectareaof the St. Croix River. In lieu of anyotherevidence,it is reasonable
to assumethatthisspecieshasalwaysbeenrare in the St. Croix River. The fact thatit now
occurstherein concentrationshigherthananywhereelsecannotbeusedto predictpast
abundance.Secondly,thereis no evidenceto determineif the musselcommunityin thestudy
areasinhabitedagreaterareaprior to projectoperation,or if theyevenexistedin greater
numbers,or greaterdiversity.ThestudiesofHombachandJohnsoncarefullydocumentwhere
musselcommunitiesarenow, andsuggestplausiblereasonsfor why theyarethere,but thereis
no evidencethatthis was not alwaysthecase.

Thesefactsnotwithstanding,thequestionremains,HasJohnsondemonstratedthat flow
modifications(i.e.,run-of-the-river)will improveconditionsin the St. Croix River for the
wingedmapleleafmussel,the generalmusselcommunity,or otheraquaticorganisms,including
macroinvertebratesandfish? While peakingoperationshaveth&potential to negativelyaffect
river biota,asdescribedin detailby Johnson,hasit hadadetrimentalaffect in the St. Croix
River? Apparentlynot, giventhatthe FolsumIslandsite supportsarobustpopulationof
mussels,includingQ. Fragosa,whichhasbeenwidely extirpatedfrom its original rangein
17 states. Interestingly,neitherHornbachorJohnsonprovideanexplanationfor this
phenomenon,andtheir silenceon the issueleadsto afundamentalcontradictionin Johnson’s
work. Ontheonehand,heselectstheFolsumIslandsitebecauseit containsoneof thebest
assemblagesof musselsin theriver, but on theother,he repeatedlyrefersto the eastchannel
habitatasseverelydegraded.This apparentcontradictionin the valueof musselhabitatin the
eastchannelraisequestionsaboutthevalidity of usingthis siteto developinstreamflow
recommendationsfor the St.Croix River.

If, in fact, it is believedthatflow modificationscould improvehabitatconditions,thequestion
thenbecomes,Is theIFIM studypresentedby Johnsonvalid anddoesit providesufficient
evidenceto supporttherecommendationthatthe only plausiblesolutionis a run-of-the-river
operationalmode?Our conclusionsrelativeto theseissuesare(1) problemsexistwith the
applicationof thehydraulicmodelsthatmustbe correctedprior to furtherevaluationof results,
(2) problemsexistwith thedevelopmentof the musselHSC, particularlyin relationto the
practicalandtheoreticalproblemswith developingHSCfor complexbiologicalparameters,
(3) theIFIM studyhasnot adequatelymadeuseof standardtechniquesfor evaluatingpeaking
poweroperations,and(4) no compellingargumenthasbeenmadein supportof the run-of-
the-riveroperationalmodeas comparedto the existingor alternativepeakingoperationalmodes.
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Clearly,moreinformationneedsto beprovided. Justificationor documentationshouldbe
providedto demonstratethat theFolsumIslandsite is representativeofthe river, ratherthan
uniqueorunusual,beforeflow recommendationsfor the entireriver sectionaremadeon the
basisof this site. Alternatively,somebasisfor establishingthatthesiteis somehowcritical for
musselsor Q.fragosashouldbe madein ordertojustify basingflow recommendationsfor the
riveron this onesite.

Moremodelingalsoneedsto beperformed. Inherentproblemswith modelcalibrationneedto
be corrected.The validity of thedepthandvelocity suitability criteriafor musseldensityand
speciesrichnessneedto beexaminedfrom the perspectiveofpreferredhabitat.And finally, a
thoroughexaminationof modifiedpeakingoperationsshouldbeperformedthatexamines
changesin wettedwidth atdifferentflows and,evenmoreimportant,morein theway of
cell-specificanalysesto evaluatethehabitatvalueof wettedareasthataredewateredatlow
flows.
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Experience

ProjectManager,SinclairHydro EnvironmentalAssessment,GeorgiaPowerCompany.Responsible
for preparationof scopingdocumentsand theDraft EnvironmentalAssessment(DEA), general
consultationon FERCrelicensingissues,strategy,andNEPA complianceactivities. Preparationof the
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identificationandevaluationof potentialresourceenhancements,FERCcoordinationmeetingsto
understandtheevolvingprocessofapplicant-preparedDEAs at FERC,developmentof theproposed
action basedon theclient’s needs,identificationof alternativesbasedon the resourceagenciesandother
partiesconcerns,anddescriptiontheaffectedresourcesandpositiveandnegativeimpactsofthe
proposedactionandalternatives.

• TaskManager,Flint RiverHydroelectricProjectRelicensing,GeorgiaPowerCompany.Performed
anenvironmentalauditandassistedin thep:eparationof anInitial ConsultationPackage.
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central to assistGeorgiaPower’sin makingstudyproposalsin the ICP andstrategicdecisionsfor the
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• ProjectManagerandTechnicalStudiesCoordinator,Relicensingof theSinclairHydroelectric
Project(FERCProjectNo. 1951),GeorgiaPowerCompany.A largemultidisciplinaryenvironmental
assessmentfor therelicensingof a 45-MW hydroelectricplant incentralGeorgia.Responsiblefora
largesetof complextailwaterandriver corridorstudiesfocusingon fluctuatingflow effectson a 70-
mile OconeeRivercorridor in thePiedmontandCoastalPlain withextensivebottomlandhardwood
forests. Includesspecificstudiesof fluvial geomorphology,fisheries,wildlife, andbotanicalresources,
protectedspecies,wetlands,hydrology,waterquality,andrecreationalboatpassage.

• ProjectManagerandLeadTechnicalCoordinator,FlambeauRiverInstreamFlow Study,Northern
StatesPowerCompany.Instreamflow studyperformedin responsetoaFERC Additional Information
Request.Projectinvolvedanalysisof theeffectsofpeakinghydropoweroperationson habitatfor
aquaticbiota andevaluationofalternativeoperationalandminimumflow scenariosandwas
successfullycompletedunderademandingschedulewith extensiveagencyconsultation. Innovative
approachesincludedtheapplicationofhabitat-useguildsand“dual-flow” habitatmodeling.
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• ProjectManagerand IFIM Specialist,North Georgia Hydro Group Project Relicensing(FERC
ProjectNo. 2354).GeorgiaPowerCompany.Projectinvolved a largeset of relicensingactivities,
instrearnflow, andspecialfisheriesinvestigationsat this 166-MWproject in North Georgiathat
includessevendamsandsixpowerhouses.Responsiblefor scoping,resourceagencyconsultation,and
draftingportionsof theExhibit E. TheIFIM studyfor this projectwasoneof the first andmost
completeapplicationsof this methodologyin thesoutheastU.S.

• ProjectManager,JamesRiver Instream Flow Study andEnvironmental Impact Statement,
HenricoCounty,Virginia: CampDresser& McKee.Manageda largeandcomplexmultidisciplinary
assessmentof existingandproposedwatersupplywithdrawalsandcumulativewaterwithdrawalsat
theFallsof theJamesRiver,Richmond,Virginia andproducedtheAffectedEnvironmentand
Environi-nentalConsequencessectionsof theDraft EnvironmentalImpactStatement(DEIS). This
studyincludedanin-depthapplicationof theInstreamFlow IncrementalMethodology(IFIM) to
produceflow-habitatrelationsfor eighteenwarmwaterfish speciesin four habitat-useguildsandflow-
suitability informationfor nine recreationalactivities. Thestudyincludedextensivehydrologic
analyses,anadromousfish passageevaluations,recreationaluseandpreferencestudies,fisheries
biologicalassessments,andtemperature/waterqualitymodeling. TheJamesRiver Reportreceived
commendationsfrom stateandfederalresourceandregulatoryagencies.

• ProjectManager,Lloyd ShoalsHydroelectric Project Relicensing(FERCProjectNo. 2336),
GeorgiaPowerCompany.Environmentalstudies(fisheries,instreamflow, andwaterquality) for
relicensingof this 14-MW hydroelectricfacility in centralGeorgia,withemphasison evaluationof
peakingoperations.Responsiblefor supervisingenvironmentalstudies,participatingin agency
consultationandnegotiation,draftingportionsof theExhibit E, and respondingto FERCandagency
commentsandinformationrequests.

• Principal Investigator,Developmentof an Index of Biotic Integrity for Wadable NewJersey
Streams,New JerseyDepartmentof EnvironmentalProtection,Division of ScienceandResearch.
Researchprojectdesignedto producethebasicresultsneededto apply the Indexof Biotic Integrity
(IBI) in newJerseywadablestreamsandprovidea basisfor further testingandvalidation. The
researchincludesfour components:acquisitionandreview of availablefisheriesdata;establishmentof
a fisheriesexpertpanelto overseeassignmentof fish to ecologicalguilds; identificationof IBI
modificationsnecessaryfor applicationto NewJersey;andcalibrationof IBI metricsin a pilot
watershedin two ecoregions.Thework representsa significantmilestonein thedevelopmentof
aquaticbioassessmentmethodsandbiological criteriaforNew Jersey.

• ProjectManager,HydroelectricRelicensingServices,SouthernCompany.Providedtechnicaland
strategicassistancein preparingExhibit E’s, respondingto FERCadditional informationrequests,and
negotiatingwith resourceagencies.Conductedassessmentof biological andphysicalimpactsof
hydropowerpeakingoperationandnegotiatedproject operationalchangesandimpactmitigationwith
resourceagencies.
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• LeadFisheriesBiologist, RedRunDam EnvironmentalAssessment.BaltimoreCounty,Maryland,
RummelKlepperand KahI, Inc. Responsibleforassessingaquaticimpactsof landdevelopmentand
stormwatermanagementalternativesin a rapidly developingurbanwatershedwith a naturally
reproducingtroutstream, managedaquatichabitatandfisheriescharacterizationandmonitoring
components.Evaluatedpotential impactsandmitigativemeasuresfor alternativesandassistedin
coordinatingexpertreviewof feasibility of managingreservoir,headwater,and tailwatertrout
populations.

• ProjectSupervisor,Evaluationof Behavioral-BasedFishProtectionSystemsfor AlleghenyLock
and Dam No.5and 6 Hydro, Mitex, Inc. In responseto FERC licensearticles,providedan
evaluationandrecommendationsfor behavioral-basedfish protectionsystemsduringdesignand
constructionphasesofthe project. Scopeof work includedagencyconsultation,site-specific
evaluationsof candidatestate-of-the-artfish protectionsystems,recommendationsfor a system
offering thegreatestpotential for biological effectivenessandsite feasibility,andconceptualdesigns
andcostestimatesfor implementingthetechnology.Thefinal reportwassubmittedin fulfillment of
thelicensearticle,andtherecommendationswere implementedatAlleghenyLock andDamNo. 5.

• ProjectManager,WaterSupplyImpoundmentBaselineEnvironmental Studies,Black andVeatch,
Inc. Managedandconducteda setofstudiesto characterizeexisting aquaticenvironmentalconditions
in the Gillis Fallswatershedin supportof stateandfederalpermitsforconstructionof a 420-acrewater
supply impoundmentandapotentialEnvironmentalImpactStatement(EIS). Conductedseasonal
surveysof fish andmacroinvertebratepopulationsanddesignedandimplementedanaquatichabitat
samplingandevaluationprotocol to determinehabitatqualityandsuitability for trout.

• InstreamFlow Specialist,StreamfiowEvaluationof the OcontoRiver Below StilesDam,Oconto
Electric.Reviewedan instreamflow stud)’conductedby theWisconsinDNR and evaluatedthe
technicalbasisfor their flow recommendationsfor thehydroelectricfacility at StilesDam. UsedEA’s
in-housephysicalhabitatsimulationmodelsandsensitivityanalysestocritique thestudyandprovide
anobjectiveevaluationof thestudyresultsandassumptions.

• FisheriesResearchWorkshopLeader,Developmentof BiologicalAssessmentMethodsand
Biocriteria,EjivironmentalProtectionAgency.Assistedin thedevelopmentof theRapid
BioassessmentProtocolsundercontractwith theEnvironmentalProtectionAgency andconducted12
EPA-sponsorednationalworkshopsfor stateandfederalagenciesandprivatefirms. Organizedand
moderatedaspecialsymposiumentitled “Fish Assemblagesand Biocriteria”.

• Co-PrincipalInvestigatorandProjectSupervisor,UpperJamesRiver InstreamFlow, Stateof
Virginia, Virginia WaterResourcesResearch.Researchdesignedto developrelationshipbetweenbasin
hydrologyandflows providingselectedlevelsof fish habitatasdeterminedby IFIM. Authoredreports
andjournalpublications.Innovative/UniqueTechnology,Equipment,Problem-SolvingCapability:
Themethodis now usedfor initial instreamflow recommendationsby the Virginia Departmentof
GameandInland Fisheries.
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• ResearchAssociate,MarineandCoastalSpeciesInformationSystemfBiotaofVirginia, Virginia
DepartmentofGameandInlandFish/MultistateFishandWildlife Information Systems.Provided
training,technicalassistance,andresearchcoordinationto agenciesinterestedin developingand
implementingnaturalresourcedatabases.Researchedandreviewedexistingdatabasesfor
developmentoftheMarineandCoastalSpeciesInformationSystem(MACSIS)database.

• FisheriesResearchAid, Flathead River SystemInvestigations,BureauofReclamation,Bonneville
PowerAdministration.Assistedin evaluationof HungryHorseDamhydro-peakingoperationson
Kokaneesalmonspawning/incubationsuccessandyear-classstrength;monitoredspawningand
juvenilemigrationsof adfluvialcutthroattrout throughtaggingstudiesandradiotelemetry.

• FisheriesBiologist, ProtectedSpeciesSurveysfor variouspublic andprivateentities.Conducted
surveysof rare,threatened,orendangeredfish andmusselspeciesin variousstreamsin Virginia and
Tennesseeriverdrainages.

Education

MS-FisheriesScience/Statistics,Virginia PolytechnicInstituteandStateUniversity, 1983
BS-AquaticScience/Biology,AlleghenyCollege,1978

Additional Training

ProjectManagerTrainingSeminar
FishDiversionsandPassagewaysCourse
AmericanFisheriesSocietyFishDiseaseandHealthshort course -‘

U.S. FishandWildlife ServiceTraining:
• IF 200 DesigningandConductingStudieswith IFIM
• IF 201 ProblemSolvingwith the InstreamFlow IncrementalMethodology
• IF 305 FieldTechniquesfor StreamHabitatAnalysis -

• IF 310 Useof theComputerBasedPhysicalHabitatSimulationSystem
• IF 312 StreamNetworkTemperatureModel
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Responseto the Review of an InstreamFlow Study
Performedon Quadrula fragosa

in the Lower St. Croix River, Wisconsin

ShawnL. Johnson

The following is my responseto the review of InstreamFlow Requirementsof Quadrula
fraaosaandthe Aouatic Communityin the Lower St. Croix River Downstreamof the
NorthernStatesPower HydroelectricDam at St. Croix Falls. Wisconsin. The review was
preparedby Dave Hanson(EA Engineer,Science,andTechnology)andPaul Leonard
(EDAW, Inc.) at the requestof NSP. In their review, theyemphasizedthe needfor
additional analyses,much of which I haveprovidedhere. Resultsfrom theseanalyses
further supportthe conclusionsand recommendationsincludedin the original report. They

- - alsoexpressedconcernaboutthe validity of theapproachusedto makeflow
recommendations.Flow recommendationswere basedon the bestavailableinformation
andscience. Given that the Winged MapleleafRecoveryTeamneedsto makea
recommendationto protectthe instreamflow needsof 0. fragosaandthe aquatic
communityin the Lower St. Croix River, the reviewersoffer no alternativeapproachesor
informationupon which to makeflow recommendations.Much of my responsereiterates
what I saidin the original report. I havenot, however,recitedthe literaturecited in the
original report. I haveorganizedmy commentsusing thesamemain headingsasthe
reviewers. The text in quotationis takenverbatim from the review, andmy comments
follow in bold font.

1. StudySite Reoresentativeness

a) “The Folsum Island site wasselected,accordingto the report, “to encompassthe
critical riffle locatedin theeastchannel”. The reasonfor labelingtheeastchannelas
critical habitatis presumablybasedon Hornbach’sview that it supportsoneof the most
abundantanddiverseassemblagesof musselsin the St. Croix River.”

“how much weightshould be placedon the WUA dynamicsof the Folsum Islandsite, in
particularthe eastchannel?”

“Should decisionsregardingflow managementat the projectbe determinedlargely on the
basisof this single site?”

Basedon the bestavailableinformation(Hay et al. 1995),the Folsum Islandsite,
particularly the eastchannel, is consideredcritical habitatfor the last known populationof
Q. fragosa.The main purposeof the study wasto assessthe instream flow needsof Q.
fragosa,and it would be illogical to do so at asite which was not consideredimportantto

- this raremussel. This areaalsosupportsavery rich anddiversemusselcommunity,and
musselhabitat-use studieshave been conducted here. I assumetheseare the reasons
why the winged mapleleafrecovery team and concernedresourceagenciesspecifically
askedthe MNDNR to examine the relation betweenthe availability of musselhabitat and
dischargeat Folsum Island. The Folsum Island site is not only importantfor mussels,but it
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is alsoimportantfor its recreationalandaestheticvalues,all of which areaffectedby flow
regulationat the dam. Folsum Islandis avery appropriatesite at which to developflow
recommendations.

It should be notedthat flow recommendationswerenot basedsolely on the eastchannel
but alsoon the main channelat Folsum Island andat Franconia,andnot just on WUA
dynamicsfor mussels,but alsofor otherinvertebrates,the fish community,andhabitat
diversity.

b) “Are thereother islandsin the river with similar channelhydraulic conditions?”

“The dewateringof largesegmentsof the eastchannelat low flows maybe a
— phenomenonthat is uniqueto this oneplacein the river.”

As the reviewersobserved,the riffle in the eastchannelis sensitiveto changesin flow,
becomingdewateredat low flows. Riffles aregenerallythe most flow sensitivehabitat
type, beingscarceor absentat both low andhighflows. Consequently,habitatfor riffle-
dwelling fishesandinvertebratesis very limited at low flows (LeonardandOrth 1988: Orth
andLeonard1990). Many statesbaseflow protectionon wettedperimeteranalyses
conducted in riffles becausethey areflow sensitiveandecologicallyimportant.The
wetted perimeter method assumesthat flows which protectriffle habitatwill alsoprotect
other habitat types, suchas poolsand runs. Often, the widest, shallowestcross-section
of the riffle, the most flow sensitivesection, is selectedfor wetted perimeterstudies.
Flows which maintain the eastchannelriffle shouldalso maintainotherriffles andhabitat
types downstream from the NSP dam.

Leonard haspreviously emphasizedthe needto includeflow sensitiveriffle specieswhen
developingflow recommendations(Leonardand Orth 1988~. Hecautionedthat basing
flow recommendationson flow insensitivespecieswould result in inadequateflow
protectionfor the river community. Similarly, it is importantto includetheflow sensitive
eastchannel when developingflow recommendationsfor the Lower St. Croix River to
ensureadequateprotection of the aquaticcommunity.

It is highly unlikely that theeastchannelis the only areaof the Lower St. Croix River that
dewatersat 800 cfs, given that this is an extremedroughtflow. Other riffles downstream
from the dam, such asthe large riffle just upstream from the Highway 8 bridge, should
respond similarly to drought flows. Large areasof the shoreline along the main channel
are dewatered at 800 and 1600cfs, including a largegravel bar locatedjust upstreamof
the boat landing at MN Interstate Park.

c) “Neither report (Hornbachor Johnson)provide much in the way of explanationasto
why densityandspeciesrichnessis so greatin this area(referringto the Folsum Island
site),andherein lies acontradiction. On the onehand,the site wasselectedbecauseit
containsone of the bestassemblagesof musselsin the river; yet on the other hand,the
reportrepeatedlyrefers to theeastchannelhabitatasseverelydegraded,not only because
of flow fluctuations,but alsomoreimportantly, to dewateringof muchof its areaat low
flows.”
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While it is truethat the Folsum Islandsite asawhole supportsa rich anddiversemussel
assemblageandis importantfor Q. fragosa,degradedmusselhabitatexistsin thoseareas
dewateredduring peakingoperations. Of the 1 50 quadratsamplestakenby Hornbachat
Folsum Island, 16 containedno live mussels.Fifteen of these16 sampleswerein areas
(both in the main channelandeastchannel)that aredewatered,or nearlyso, at 800 cfs.
Samplestakenin areasthat remaininundatedduring low peakingflows, especiallyareas
deeperthan0.5 m, containedhigh numbersof mussels. Hornbachreportedsimilar results
during a 1995musselsurvey conductedalongthe threeeastchannel PHABSIMtransects.
During a damreleaseof 800 cfs, the MNDNR crew observedno musselsin dewatered
areas. Glen Miller notedthat 0. fragosa found during a 1991 musselsurveyat Folsum
Islandwerein areasthat remainedinundatedduring low flows. Biological reasonsfor
theseobservations,aswell assupporting literature,areprovidedin the original report. The
frequencyof dewatering,and the amountof areadewatered,would be drasticallyreduced
underthe recommendedrun-of-the-riverflow regimeas comparedto the existing peaking
flow regime.

c) “Reviewing the IFIM model results,it seemsreasonableto concludethat the east
channelcritical riffle is too shallow, andperhapsto swift, for musseldensity,regardlessof
the flow. This is confirmed by the cell-specificdata provided in AddendumA to the
report, wherewe find most cells to havea compositesuitability of between0.2-.04for
musseldensity.”

The cell-specificcompositesuitability factorsprovidedin AddendumA representthe
productof the individual suitability valuesfor depth,velocity, andsubstrate.These
individual suitability valuesrange from 0.0 to 1 .0. A suitability valueof 0.0 indicatesthe
leastpreferredor leastsuitablehabitat;avalueof 1 .0 indicatesthe mostpreferredor most
suitablehabitat. The threesuitability valuesaremultiplied togetherto determinethe
compositesuitability weighting factor for eachcell. For cells to havecompositevaluesof
0.2 - 0.4 requires individual valuesof 0.58 - 0.74assuming,for illustration, that eachof
the threeindividual valuesarethe same(the cuberoot of 0.2=0.58and0.4=0.74) . This
rangeof individual suitability valuesrepresentshigh quality habitat. As will be discussed
in section4e, the compositesuitability factorsfor cells in theeastchannelindicatethat
suitablemusselhabitatis very limited at low baseflows but not at higher flows.

Hornbachfound high musseldensitiesin the eastchannelexceptin areasdewateredor
very shallowat low peakingflows. Therefore,quality musselhabitatdoesexist in the east
channel.

2. HABITAT SUITABILITY CRITERIA (HSC

)

a) . .. “the problemlies in attemptingto correlateinstantaneousmeasuresof different river
parameters(depth andvelocity) with “long-term” measuresof communitystructure
(densityand richness).”

“the density/richnessultimately achievedby a musselassemblageis a function of a large
numberof depthsandvelocitiesthat haveoccurredover time”
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“Johnsonhasattemptedto correct for this inherentvariability in habitat,at leastfor depth,
by standardizing”depthmeasurementsto a dam releaseof 1 600 cfs”.

The habitat-usedatausedto generatethe suitability criteria werecollectedoverawide
rangeof flows. Ten sampleswerecollectedat eachof thefollowing 15 flows: 1 585,
1637, 1637,2853,4127,4402.4430,4543.5181,5210,5239,6062,6062,6093,
and6221 cfs. The datawerethereforecollectedover the rangeof flows that the mussel
communityhasbeenexposedto overa long period of time. The averageof these1 5
flows (4352cfs) is similar to the meanannualflow of the Lower St. Croix River (4301
cfs).

As the reviewers noted, the depth curves in the report were standardized to adamrelease
of 1600cfs. After the report wassentout, I developeda depth curve for musseldensity
basedon actual, or unstandardized, depth measurements. This curve, which I sentto
Leonard about a year ago, wasnearly identical to the standardizeddepthcurve. The depth
curve would be similar regardlessof the, flow at which the data are collectedin that the
shallowestdepths would have the lowest suitabilities and the deepestdepths would have
the highest suitabilities.

Whenscrutinizingthevalidity of anyhabitatsuitability criteria,the main questionthat
needsaddressing is whether the criteria make biological sense. Do the curves reflect the
bestavailablebiological informationconcerningthe animalin question? Themusselhabitat
suitability criteria developedfor the St. Croix River are similar to criteria developedfrom
extensivemusselhabitat-use studiesconductedin otherMinnesotarivers andarealsowell
supported by the literature. The reviewers did not question the biological validity of the
criteria or offer any alternativecriteria. The recoveryteamneedsto makea flow
recommendationbasedon the bestavailable information. The St. Croix criteria reflect the
bestavailable information concerning the instream flow needsof the St. Croix River
musselc~ommunity.

b) “The analyticalprocedureusedfor the St. Croix IFIM calculatesa “preference”value by
dividing habitatuseby habitatavailability.’

.“ln order for this hypothesisto work, the organismmust be capableof “observing” or
experiencing”all or mostof the availablehabitatandthenmakeaconsciousdecisionto

passover less-preferredhabitatin favor of more-preferredhabitat. It is this hypothesis
that hasbeenquestionedin the literature. It maynot apply to fish species,asarguedby
MorhardtandHanson(1988), and it certainlydoesnot applyto relatively sessileorganisms
suchas mussels.”

I did develop “use” curves from the St. Croix data and they were very similar to the
preferencecurvesusedin the modelingexceptthat the velocity usecurve hadlower
suitability valuesfor low velocitiesthanthe velocity preferencecurve. -

A fundamental problem with habitat-use curves is that they often reflect the type of
habitat the researcher likes to sample in rather than the type of habitat the target organism
likes to live in. For example,many biologists studying habitat requirements of aquatic
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invertebrates only sample in riffle habitat. It is not surprising then that criteria developed
from this sampling showthat invertebrates prefer riffle habitat and not pool habitat. If the
researcherjust sampled pool habitat, he/shewould concludejust the opposite. Only when
habitatavailability is accountedfor cana true picture of the habitatneedsof an organism
be identified. The MNDNR hasdevelopedusecurvesfor fishesin specialcases,suchas
spawning lake sturgeon,which migrate long distancesup rivers to spawn. In this case,
describing available habitat is not appropriate. Leonard hasuseda similar approach in that
he developedusecurvesfor spawningandyoung.of-yearnorthernhog suckersand
preferencecurves for all other speciesandlife stages(LeonardandOrth 1988).

I disagreewith the logic that preference criteria do not apply to musselsbecausethey are
relatively sessile. I will explain why by way of example. Assumethata million glochidia
were stockedin equal densitiesin all availablehabitatsin astretchof river with no resident
mussels.Also assumethat thesemusselsnever moved from the location where they were
stocked(I haveobservedmusselsactively moving to deeperwaterin responseto declining
flows, suggestingthat musselscan seek out “preferred’ habitat) and no new musselswere
added to the population. It would be expectedthat musselsstockedin the highestquality
musselhabitatwould experiencehighersurvival ratesthanmusselsstockedin low quality
habitat. Over time, the observeddistribution and density of thesenon-sessilemussels
would be an excellentindicator of the quality of habitatthat theywerestockedin (i.e.,
musseldensitieswould be highestin their most“preferred” habitat).

I believedifferential survival explains the observeddistribution and abundance of mussels
at Folsum Island in that musselsare scarceor absent in habitat that is periodically
dewatered at low flows while musseldensitiesare highestin habitatthatmaintains
suitableconditionsat low flows. ThissupportsNSP’s positionthathabitatconditions
during low flows are critical in limiting the distribution of musselsto wetted areasof the
stream channel downstream of the dam. Changing from the existing peaking flow regime
to run-of-the-river should increasethe survival of mussels,including a. fragosa. in that the
frequency of dewatering and the area dewateredwould be drastically reduced.

c) “One of the moreimportantassumptionsmadein the IFIM studyis that the HSC
developedfor musseldensityand speciesrichnessare essentiallyrepresentativeof Q.
fragosahabitatrequirements.”

“supportedby Johnsonon the basisof statementsmadeby Hornbachthat Q. fragosa
was associatedwith quality musselhabitat.”

“We believethereare sufficientnumberof uncertaintiesand contradictionsin Hornbach’s
work to questionthe validity of Johnson’sassumption.”

...“the samplingstrategyusedby Hornbachdiffered betweenthe 10 “with” Q. fragosa
samples(sampledby activelysearchingfor Q. fragosa)andthe 149 “without” Q. fragosa
samples”(sampledusing a transect/gridscheme).

The bestavailable information concerningthe habitat requirements of 0. fragosa is from
the researchdoneby Dr. Dan Hornbachwho, as the reviewersnoted,concludedfrom his
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researchthat 0. fragosa is found in “high quality” musselhabitat. While it is true that
Hornbach hasemployed different sampling methodsto find Q. fragosa,this in no way
beliesthe fact that0. fragosahasbeenfound in associationwith dense,diversemussel
beds: 0. fragosawasnot found off by itself using habitatdifferent from the restof the
musselcommunity. This is supported by the observation that the meandepth (95 cm) and
velocity (41 cm/s) used by the 19 0. fragosa foundat InterstateStatePark in 1992and
1993correspondto very high suitability valuesfor bothmusseldensityandspecies
richness. From this,it doesnot require a big leapof faith to assumethat flow conditions
that providesuitablehabitatfor the musselcommunityshouldalso providesuitablehabitat
for 0. fragosa. There is no informationto suggestotherwise.

3. PHABSIM MODEL CALIBRATION

a) “Thesemodels(WSPand MANSQ) arehydraulic models basedon the “step-backwater”
approachand the Manning Equation,and,assuch,should only be used by hydraulic
engineersor hydrologistsfamiliar with openchannelhydraulics.”

PHABSIM wasdesignedand developedfor useby biologists and other natural resource
personnel chargedwith the responsibility of managing instream resources. I, and the team
of biologistswho workedon this project,havecompletedall the relevantPHABSIM
coursesdealing with the use and application of WSP and MANSQ and have years of
experiencein stream hydrology, hydraulics, and habitat modeling. I feel confidentthat I
cansuccessfullyuseandunderstandthesemodels. To saythat only engineersshould use
thesemodels is similar to sayingthat only peopletrainedin the innerworkingsof the
internal combustionengineshould be allowed to operate motor vehicles.

a) “The St. Croix IFIM report providesvery little in the way of calibration details.The only

information providedconsistsof the detailsof the Velocity AdjustmentValues (VAF),

“Unfortunately, the VAF valuesgiven suggestirregularitiesor errors in model simulations.”

As the reviewersareaware,PHABSIM modelingproducesvoluminousamountsof
calibrationdetailsandotheroutput. I certainlycould haveprovided a lot more modeling
details,but I am not sure this would have provided most readerswith usefulinformation.
The reviewersprovideagooddescriptionof the theory behindVAFs andtheir relationship
to Manning “n” values. Irregular VAF plots often occur when measureddischargesdiffer
amongtransects at a given calibration discharge. This is not unusual in that some
transectsaremuch better suitedfor measuringdischargethanothers. In the WSPmodel,
thesame“bestestimate”of dischargemustbe usedfor all transectsata given calibration
discharge. When the measureddischargesare dissimilar, VAF values outside the expected
rangecanoccurwhich can not be correctedwith modelcalibration. Theseirregular values
do not necessarilyrepresenterrors in model simulations but simply differencesin discharge
measurementsamongtransectsat a given calibration discharge.

Streamcrosssectionsthathaveuniform channelcharacteristicsarethebestplaceto
accurately measuredischarge. This wasthe casefor all five transectsat Franconia. This
site hasuniform channelcharacteristicsandsimplehydraulicsand,consequently,all five
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transectsproduced very similar dischargevalues. In this situation,“nice” VAFs were
generatedwith no tweaking of the hydraulic models. Unfortunately,this wasnot the case
for all the Folsum Island transectswhere there were differencesin measureddischarge
valuesamong the different transectsat the calibrationflows. BecauseVAFs maintainthe
massbalance of dischargeflowing through a PHABSIM study site, irregular VAFs were
generatedfor someof the transects at Folsum Island, particularly in the navigation
channel. The upstream most transect in the navigationchannelwasplacedalongthe wing
dam which servesas a hydraulic control. This damconstrictsmost of the flow to the far
west bank and createsvery complex hydraulics. The downstream most transectwas
located just upstream of another wing dam. This part of the channel alsohascomplex
hydraulics, including strong undercurrents. For thesereasons,the navigation channel was
difficult to model.

While the technical details of any PHABSIM application could be debatedadinfinitum, the
important question to keepin mind is whether the habitat vs. dischargerelationsseem
reasonablegiven what is known about the hydraulics of the river and about the suitability
criteria of the target organisms. We have measuredhydraulic data at the calibration flows
of 1600 and 3200cfs. Theseflows provide good insight into hydraulicconditionsat
2400cfs soeven in the absenceof any hydraulic models,we have a good understanding
of the flows of interest exceptfor 800 cfs. Visual observations at 800cfs suggestthat
the models are describing hydraulic conditions at this low flow fairly well. Any potential
problem with model calibration would not changethe general habitat vs. discharge
relations predicted by the models to a degreethat it would changethe basicconclusion
that musselhabitat is limited at 800 cfs and is substantially more abundant at run-of-the-
river flows.

4. THE PROPER PERSPECTIVE FOR EVALUATING FLUCTUATING FLOW IMPACTS

a) “perhapsthe mostsignificant problemwith the St.Croix IFIM studyis its narrowfocus
in consideringalternativeflow regimes”

“the author considersonly two possiblealternatives:continued peakingoperationwith a
800cfs minimum flow vs. run-of-the-river operation.”

It is oftentrue that numerousalternativepeakingregimesarepossiblefor hydropeaking
dams.In thecaseof the NSP dam,however,thereis a limited numberof alternatives
given that: 1) the capacity of the turbines is 6400 cfs, 2) reservoir storage is limited, 3)
only 800cfs (the capacityof eachturbine)incrementsarebeing considered,and4) a
minimum releaseof 1600cfs is currentlyrequired from April through October. These
factors,combinedwith thehydrology of the Lower St. Croix River, limit the numberof
alternative peaking regimes.

From late March through early July, flows are typically closeto or greater than the
capacity of the turbines solittle or no peaking can occur. From mid-summer through fall,
flows are usually lessthan 4000cfs. The possibleminimum dam releasesduring this time
include 1600,2400,and 3200cfs (a 3200cfs minimum would be tantamountto run-of-
the-riverconditionsfor much of this time period). During winter, whennaturalflows are
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around 2400cfs or less,the choicesinclude 800, 1 600, andpossibly2400 cfs. These
werethe main alternativesconsidered in my report, not just 800cfs vs. run-of-the-river.

b) “The IFIM dataarenearlyignored asthe authorconsidersonly two possiblealternatives:
continuedpeakingoperationwith a800cfs minimumflow vs. run-of-the-riveroperation.’

“the recommendation(run-of-the-river)doesnot appearto be basedon the IFIM
analysis.”

TheIFIM analysessuggestedthathabitatis limited for mussels,otherinvertebrates,and
the fish community atthe existingwinter minimum dischargeof 800cfs. Habitatdiversity
is alsolimited at this low droughtflow. Habitatconditionsareimproved,but still limited,
for the aquatic community at the existing summer minimum dischargeof 1600cfs. Flows
between2000and4000cfs provided good habitatconditionsfor all thingsconsidered.
Other than during spring, this range of flows representstypical run-of-the-river conditions.
Becausethe IFIM data suggestthat this. range of flows provides good habitat conditions
for the aquatic community, and considering the impacts of rapidly fluctuating peaking
flows (seesection4c),a run-of-the-river flow regimewasrecommendedto protectmussel
habitat and the integrity of the aquatic community downstream from the dam. I strongly
disagreewith the reviewers’statementsthat the IFIM datawereignored. The reviewers’
statementthat “no compelling argument hasbeen made in support of the run-of-the-river
operational modeascompared to the existing or alternative peaking operational modes”
completely ignoresthe IFIM data,aswell asthe relevant literature.

c) “This simplisticview of alternativesignoresa numberof analysesthat should be
performedwhenevaluatingthe effectsof fluctuating flow regimesbelow hydropeaking
projects. IFIM studiesthat are designedto evaluatehabitatchangesunderfluctuating
flows anddevelopflow recommendationsdownstreamof peakinghydroelectricplants
routinelyuseavariety of approachesto considerchanginglocation of habitatfor selected
species.The “dual flow” and “effective habitat” modelingtechniques,amongothers,
werespecificallydevelopedfor evaluatingalternativeflow regimesin such situations.”

I agreethat the effective habitat model (HABEF) could have been usedin this study so I
haveincludedit here. The HABEF model is usedto examinethe effect of different
combinatiohsof baseand generation flows on habitat availability. Option 2 of this model
wasusedhere to model the effective habitat for mussels.This option is recommendedfor
modeling relatively non-motile organismswhich can not respondto rapidly fluctuating
flows by seekingout changing locations of suitable habitat. Available habitat (WUA) is
computed on a cell by cell basisat both the baseflow and the generation flow and the
minimum of thesetwo valuesis selectedasthe effective habitat for that cell. The
minimum WUA valuesfor all cellsare summedto produce the effectivehabitat for the
study reach for a given baseflow-generation flow combination. The baseflows modeled
included 800, 1600.2400,and 3200 cfs. Generation flows ranged from 2400 to 6400
cfs(6400 cfs is the maximum capacity of the turbines).

effectivehabitat for musseldensity
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The effectivehabitat available to musselsis driven by baseflows (i.e.. the availability of
musselhabitat is more limited at low baseflows than at high generation flows) (Table 1).
As baseflows increasefrom 800to 3200 cfs, thereis a correspondingincreasein
available habitat. Mussel habitat is most limited in the eastchannelat low baseflows. At
agiven baseflow, changinggenerationflows haslittle or no effect on effective habitatfor
mussels.Thesefindings supportthe conclusioncontainedin the original reportthat the
large areasof unsuitable habitat at low baseflows are of little value evenat high
generation flows.

effective habitat for the fish community

Most of the fish specieslife stagesmodeledin the main reportexhibitedoneof three
general WUA vs. discharge relations: 1) WUA peakedat low flows andwaslimited at high.
flows (e.g.,sandshineryoung-of-year,a shallow pool species),2) WUA peakedat high
flows andwaslimited at low flows (e.g.,shortheadredhorseadult, a racewayspecies,
and 3) WUA peaked at moderate flows and waslimited at both low and high flows (e.g.,
smallmouth bassfingerling, a riffle species).

Although I havenot run the HABEF modelfor fishes, it would be expectedthatundera
peaking flow regime,when flows are rapidly changing betweenlow and high flows,
effective habitat would be limited at somepoint in the peaking cyclefor fishesexhibiting
all three types of habitat vs. discharge relations. The impactsof peaking flows on fish
communities is well known. As pointed out by LeonardandOrth (1988), “temporal
changesin speciesrichnessand abundanceare likely in streamswith greatly altered flow
regimes”. Maybe of greatestconcern is the impact of fluctuating flows on shallow,
shorelinefish communities.Leonardand Orth (1988)emphasizedthat: 1) shoreline
habitats of large streamsare important for smaller fishes,2) shorelineand other shallow
areas are the habitats most affected by fluctuating flows, and 3) inhabitants of shallow,
slow-water stream margins are the most negativelyaffectedby flow modifications. For
thesereasons,they highlighted the need to consider inhabitants of shorelinehabitat when
developingflow recommendations.

effectivehabitatfor habitattvDes

I agreewith Leonard and Orth (1988) that habitat diversity is an important factor
governing the number of fish speciesfound in warmwater streams. Resultsfrom modeling
the availability of habitat typesin the Lower St. Croix River also support their observation
that habitat diversity is typically maximized at intermediate flows and minimized at low
and high flows.

Peaking operations at the NSPdamresult in downstreamhabitatconditionsrapidly
fluctuatingbetweenshallow pool habitatat low baseflows anddeeppool and raceway
habitats at high generation flows. When consideredfrom a dual flow perspective,none of
thesehabitat types are usableto the aquatic community becausethey are “effectively”
rendered unusableby peaking operations. Riffle habitat is also unusable during peaking
operations.
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d) ...“Two forms of output that arecommonly included in IFIM study reportsarewetted
perimetervs. dischargedata(for eachtransectand for all transectscombined)and total
river surfaceareavs. discharge.”

The wettedperimetermethodis usedto identify the point at which rapid changesin the
wettedareaof riffles occurswith small changesin discharge.Becauseriffles aretypically
themostflow sensitivehabitattype,this methodassumesthat flows which maintainriffle
habitatwill alsomaintainpool andracewayhabitats.It is well establishedthat riffle habitat
servesimportantfunctional rolesin maintaininghealthyriver communities. Consequently,
many statesestablishprotected flows basedon protecting riffle habitat using the wetted
perimetermethod.

Of the transectsmodeledin the St. Croix study,the threeeastchanneltransectsaremost
appropriatefor wettedperimeteranalyses. Two transectshadwell definedinflection
points at 1800 cfs: asflows drop below 1800 cfs, large lossesin thewettedareaof the
channeloccur atthesecrosssections(Figure 1). Lossesin wettedwidth for the third
transectstartsasflows drop below3400cfs andrapid lossesoccuras flows drop below
1800cfs. A wettedperimeterstudyconductedby the MNDNR in 1990just upstreamof
Folsum Islandfoundthata rapid lossof wettedchanneloccursasflows droppedbelow
2000 cfs. Theseresultssuggestthat the existing minimumwinter baseflow of 800 cfs
doesnot maintain suitable habitat conditions for the aquatic community.

el “Of greater importance is an evaluation of the cell-specific habitat at different flows.
Comparisonsof cell suitabilitiesat the high and low endsof a given peakingregimeshould
be examinedto determineif the dewateredareasrepresenthigh quality habitat at high
flows or not. The failure to perform suchan analysisis a major deficiencyof the St. Croix
River IFIM study.”

“This is particularly critical in this study, as the dewateredareasmost likely include
shallow marginsof the river that at high flows are outsidethe optimal depthrangeof
mussels.” -

The vastmajority of cells,especiallyin the eastchannel,that are dewatered(cell
suitability=0) at low baseflows provide quality musselhabitatat higher flows with the
exceptionof a few cells alongtheshorelinethat only becomeinundatedat relatively high
flows (Figures 2a-2n). Under a run-of-the-river flow regime, many of thesecellswould
rarely be dewatered. In general, the suitability of most cells is substantially higher at high
generation flows ascompared to low baseflows. However, the suitability of somecells,
particularlyalongthe Franconiatransects,peakat moderateflows (e.g.,20004000cfs)
anddeclineat higher flows.

5. Conclusions

a) “No dataare provided by Hornbachor Johnsonto suggestthat the musselcommunity
(including 0. fragosa)wasmore abundantprior to project operation... In lieu of anyother
evidence,it is reasonableto assumethat this specieshasalwaysbeenrare in the St. Croix
River.”

10



Since there is no pre-operation information on mussels,we could not provide data to
indicatewhethermusselsweremore abundantprior to damoperation. Consequently,we
agreethat the pre-projectdistributionandabundanceof 0. fragosaandthe mussel
community is unknown. Giventhe lack of historicaldata, I am unclearasto why the
reviewers feel it is reasonableto assumethat0. fragasahasalwaysbeenrare in the St.
Croix River. Regardless,the question at hand is not whether this musselhasalways been
rare, but how do we protect this last known population basedon the bestavailable
information and science.

b) “While peakingoperationshavethe potential to negativelyaffect river biota, as
describedin detail by Johnson,hasit hada detrimentalaffect in the St. Croix River?
Apparentlynot, given that the Folsum Island site supportsa robustpopulationof mussels,
including Q. fragosa,which has beenwidely extirpatedfrom its original rangein 17
states.”

Although the Folsum Island site supports a rich musselcommunity,musselsarerareor
absentfrom areasthataredewatered(or very shallow) duringpeakingoperations.Given
that the frequency and magnitude of dewatering and low flow eventswere drastically
lower under the pre-projectflow regime(run-of-the-river), I would arguethat peakinghas
hada detrimentaleffect on the musselcommunityin theSt. Croix River. My mussel
researchand the literature support this argument. Is there any information to suggestthat
peaking flows are beneficial to mussels? It is illogical to assumethat peaking hasnot
impacted this last known population of Q. fragasasimply becausethis specieshasbeen
extirpatedfrom its entire rangeexceptfor the Lower St. Croix River. All speciesthat have
gone extinct have had one last population locatedsomewhereprior to extinction. This
doesmean that this last population is healthy and doesnot needprotection.

• . .“the questionremains,hasJohnsondemonstrated~hatflow modifications(i.e., run-
of-the-river) will improveconditionsin the St. Croix River for the winged mapleleafmussel,
the generalmusselcommunity,or otheraquaticorganisms,including macroinvertebrates
and fish?” -

All of the IFIM modelingresultsdemonstratethat flow modifications,suchaschanging
from the highly unnaturalpeakingregimeto the natural run-of-the-riverflow regimeunder
which theSt. Croix communityevolvedandadapted,would improveconditionsfor the
entire aquaticcommunity. Theseresultsmakebiological senseandarewell supportedby
the literature.

d) “Is the IFIM study presentedby Johnsonvalid and doesit provide sufficientevidenceto
supportthe recommendationthat the only plausiblesolution is a run-of-the-river
operationalmode?”

Run-of-the-rivermay not be theonly “plausiblesolution” if the problemis how to maintain
a peakingoperationwhile providing someminimal level of habitatprotection. The problem
thestudy focusedon, however,wasto identify a flow regimethatprotectsthe habitatof
0. fragosaandtheaquaticcommunity. The resultsfrom this study,which I believeis a
valid one,provides ample evidencethat the bestsolution is run-of-the-river.
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e) ... “no compellingargumenthasbeenmadein support of the run-of-the-riveroperational
modeascomparedto the existingor alternativepeakingoperationalmodes.”

The IFIM analysesandthe literatureprovide compellingargumentsthatpeakingoperations
areadverselyimpacting habitatconditionsfor the fish andinvertebratecommunitiesin the
Lower St. Croix River andthat restoringa run-of-the-riverflow regimewould improve
theseconditions. The reviewersprovide no compellingargumentsto the contrary. In their
1988 paper,LeonardandOrth provide strong argumentsthat river regulation,especially
peakingflows, canadverselyimpactstreamcommunities.I usedmany of thesesame
arguments,aswell assite-specificdata,to supportmy conclusionsandrecommendations.
Can Leonardexplainwhy his publishedviews on the impactsof peakingflows do not hold
true for the Lower St. Croix River?

Evenin the absenceof the site-specificdata,the simple undisputedfact is that daily low
flows during existingwinter peakingoperationssubjectmusselsandotheraquatic
organismsto severedroughtconditions,similar to the mostseveredroughtthathas
occurredduring the 90-yearperiod of hydrologic record. Theselow flow conditionshave
not occurrednaturally sincethe dustbowl era of the 1930s. I would arguethata river
subjecteddaily to its worst droughthasdegradedhabitatconditions. Basedon an
extensivesurveyof musselsin the Minnesotariver, Bright (1990)concludedthat the
drought of 1976causedmassivemortality of musselsdueto desiccation,high water
temperatures,andlow dissolvedoxygenconcentrations.There is no reasonto believe
that droughtswould not havesimilar impactson theSt. Croix musselcommunity.
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Table 1. Effective habitat (WUA) for musseldensityundervariousbaseflow
vs. generation flow peaking combinations, Lower St. Croix River.

EASTCHANNEL
GENERATIONQ (cfs)

BASE 0 (cfs) 2400 3200 4000 4800 5600 6400
800 6237 6237 6237 6237 6237 6237
1600 92954 92954 92954 92954 92954 92923
2400 159743 158096 157529 157392 158205
3200 189573 187850 186570 185716

NAVIGATION CHANNEL
GENERATIONQ (cfs)

BASE 0 (cfs) 2400 3200 4000 4800 5600 6400
800 54025 53810 53621 53432 53312 53081
1600 71063 70685 70511 70252 70113 69830
2400 81503 81239 80977 80838 80516
3200 90477 90203 90027 89676

MAIN CHANNEL
GENERATION Q (cfs)

BASE 0 (cfs) 2400 3200 4000 4800 5600 6400
800 180044 179882 179447 179180 178953 178008
1600 251881 251182 249636 247640 246790 245470
2400 307013 304639 302187 301141 299175
3200 . 346459 343783 342566 340288

FRANCONIA
GENERATIONQ (cfs)

BASE 0 (cfs) 2400 3200 4000 4800 5600 6400
800 130560 130560 130518 129947 129011 128683
1600 177098 176987 175909 172465 166966 165502
2400 211752 208544 202775 195106 192353
3200 230393 223837 213696 208917
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Figure1. Wettedperimeterin relationto dischargefor thethreeeast
channelPHABSIM transects,FolsumIsland, Lower St. Croix River.



The following figures(2a through 2n) illustratethe compositesuitability factorsof
individual cellsalongeachPHABSIM transectin relation to dischargefor musseldensity.
Thesecompositefactorsrepresentthe productof the individual suitability valuesfor depth,
velocity, and substrate.Individual suitability valuesrangefrom 0.0to 1 .0. A suitability
valueof 0.0 indicatesthe least preferredor leastsuitablehabitat;a valueof 1 .0 indicates
the most preferredor mostsuitablehabitat. Thethreesuitability valuesare multiplied
togetherto determinethe compositesuitability factor for eachcell. Becausetherewere
too many cells along eachtransectto include in one graph, eachtransectwas divided into
four equidistantsectionsfor graphingpurposes:the eastshore,eastmid-channel,west
mid-channel,and westshoresections.
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EASTCHANNELTRANSECTONE
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Figure 2a. The composite cell suitability for mussel density along transect one in the east channel in relation to

discharge, Lower St. Croix River.
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EASTCHANNELTRANSECTTWO
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Figure 2b. The composite cell suitability for mussel density along transect two in the east channel in relation to
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EAST CHANNEL TRANSECT THREE

0 1000 2000 3000 4000 5000 6000 7000

Discharge (cfs)
Figure 2c. The composite cell suitability for mussel density along transect three in the east channel in relation to

discharge, Lower St. Croix River.
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MAIN CHANNEL TRANSECT ONE
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Figure 2d. The composite cell suitability for mussel density along transect one in the main channel in relation
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MAIN CHANNEL TRANSECT TWO

1000 2000 3000 4000 5000 6000 7000 0

Discharge (cfs)
Figure 2e. The composite cell suitability for mussel density along transect two in the main channel in relation

to discharge, Lower St. Croix River.
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MAIN CHANNEL TRANSECT THREE
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Figure 2f. The composite cell suitability for mussel density along transect three in the main channel in relation

to discharge, Lower St. Croix River.
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NAVIGATION CHANNEL TRANSECT ONE
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Figure 2g. The composite cell suitability for mussel density along transect one in the navigation channel in

relation to discharge, Lower St. Croix River.
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NAVIGATION CHANNEL TRANSECT TWO
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Figure 2h. The composite cell suitability for mussel density along transect two in the navigation channel in

relation to discharge, Lower St. Croix River.
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NAVIGATION CHANNEL TRANSECT THREE

Discharge (cis)
Figure 2i. The composite cell suitability for mussel density along transect three in the navigation channel in

relation to discharge, Lower St. Croix River.

1.0

0.8

__ 0.6
I

.

:11)

I
0
0

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000



FRANCONIA TRANSECT ONE
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Figure 2j. The composite cell suitability for mussel density along transect one at Franconia in relation to
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FRANCONIA TRANSECT TWO
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Figure 2k. The composite cell suitability for mussel density along transect two at Franconia in relation to
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FRANCONIATRANSECTTHREE
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Figure 21. The composite cell suitability for mussel density along transect three at Franconia in relation to

discharge, Lower St. Croix River.
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FRANCONIATRANSECTFOUR
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Figure 2m. The composite cell suitability for mussel density along transect four at Franconia in relation to

discharge, Lower St. Croix River.
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