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CLERK’S OFFICE

BEFORE THE ILLINOIS POLLUTION CONTROL BOARD APR 192004
STATE OF ILLINOIS

IN THE MATTER OF: ) Pollution Control Board
)

PROPOSEDAMENDMENTS TO ) R 04- ?
DISSOLVED OXYGEN STANDARD )
35 Iii. Adm. Code302.206 )

PROPOSEDRULE AND STATEMENT OF REASONS

TheIllinois AssociationofWastewaterAgencies(“IAWA”), by its attorneysGardner

Carton& Douglas,andpursuantto 35 Ii. Adm. Code 102.200,submitsthis ProposedRuleand

StatementofReasonsin supportof its proposalto revisetheregulationestablishingwaterquality

standardsfor dissolvedoxygen.

IAWA is proposingchangesto regulationsgoverningdissolvedoxygenbasedon the

currentUnitedStatesEnvironmentalProtectionAgency’sNational CriteriaDocument(“NCD”)

for DissolvedOxygen(1986),whichpost-datesthecurrentdissolvedoxygenstandardadopted

by theIllinois Pollution ControlBoard(“Board”) in 1972. TheNCD is intendedto provide

guidanceto StatesandTribesauthorizedto establishwaterquality standardsundertheClean

WaterAct (“CWA”). TheProposedRule is attachedasExhibit 1.

IAWA hasalsoundertakenarecentstudyandreviewofscientificliterature,whichwas

performedby Dr. JamesE. GarveyandDr. Matt R. Whiles of SouthernIllinois University.

This study, An AssessmentofNationaland Illinois DissolvedOxygenWaterQuality Criteria

(“Assessment”,attachedasExhibit 2), concludesthat theexistingdissolvedoxygenstandardis

overlyrestrictiveandshouldbemodifiedbasedon publishedresearchon naturalfluctuationsin

aquaticsystemsandphysiologicaltolerancesofnativeaquaticlife. Theregulatoryproposalto



amendthedissolvedoxygenrulesis submittedcontemporaneouslywith this Statementof

Reasons.

1. Existing and ProposedDissolvedOxygen Regulations(Section 102.202(a))

Illinois hasthreestandardsgoverningdissolvedoxygenin Illinois waters. Those

standardsgoverngeneralusewaters(Section302.206),LakeMichigan(Section302.501),and

secondarycontactwaters(Section302.405).It is the generalusestandardat Section302.206

that this rulemakingseeksto revise. This standardcurrentlyreadsasfollows:

Section302.206 DissolvedOxygen

Dissolved oxygen(STORETnumber00300)shall not be less than 6.0 mgI! during at

least16 hoursof any24 hourperiod,nor lessthan5.0 mgI! atany time.
Theproposedrevisionto thisregulationwould incorporatetheuseofdiurnaloxygenminimaand

establishboth daily minimumandsevenday standards.A morestringentstandardwouldbe

applicableduring thecoolwaterspawningperiodof July throughFebruarywhentheegg,

embryosandlarval stagesofhypoxia-sensitivefish speciesarepresentin Illinois waters. A less

stringentstandardduringtheremainingmonthsof March throughJunewould incorporatetheuse

ofdiurnaloxygenminima,whentheegg,embryos,andlarval stagesofhypoxiaintolerantfish

speciesareabsent. This structureis consistentwith theNCD.

A proposedrule showingthechangesfrom theBoard’sexistingdissolvedoxygen

standardat Section3 02.206is attachedto thisPetitionas Exhibit 1. While theNCD alsohasa

thirty daystandard,JAWA doesnot believethat this standardis necessaryto protectaquaticlife.

In mostcases,meetingthe applicablesevendaystandardwould ensurethatanythirty day

standardwould alsobe met.
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An explanationofthestandard,consistentwith theNCD, is asfollows:

a. Duringthemonthsof July throughFebruary,thestandardwould establisha

standardone dayminimumconcentrationof3.5 mgIL, anda sevendaymeanminimum

of4.0 mgIL. Themeanminimum is definedastheaverageoftheminimumdaily

recordeddissolvedoxygenconcentrationsandshouldbebasedon adatarecorderor

representativegrabsamples.

b. During themonthsofMarch throughJune,thestandardwould establisha one-day

minimumdissolvedoxygenconcentrationof5.0mgIL, anda sevendaymeanof6.0

mgIL. Themeanis definedastheaverageofthedaily averagevalueandshouldbebased

on datacollectedby semi-continuousdataloggersor estimatedfrom therepresentative

daily maximaandminimavalues.

With thestructureofthis proposedstandard,moreextensiveDO monitoringwill be

requiredthanwith theexistingstandard.Currently,themajorityof monitoringto determine

compliancewith theDO standardis conductedwith grabsamples.Themonitoringrequirements,

whichwill be setin Illinois EPA’s implementationrules, mayrequireuseofcontinuous

monitors. Theimplementationrulesshouldbe consistentwith therecommendationsfoundin the

Assessment.

2. Statementof Reasons

a. StatementofFacts (Section102.202(b))

Dissolvedoxygenis acritical resourcein freshwatersystems. It is essentialto aquatic

organismsfor aerobicrespirationand thusmostbiological activity andassociatedprocesses.The

amountofdissolvedoxygenin freshwaterhabitatsthatis availableto organismsis a functionof

manybiotic andabiotic factors,includingmetabolicprocesses(photosynthesisandrespiration),
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temperature,salinity, atmosphericwaterpressure,and diffusion. Dependingon thesephysical

andbiological factors,dissolvedoxygenin freshwaterhabitatscanrangefrom nearzeroto

supersaturated.

Becausedissolvedoxygenis essentialto aquaticlife, andbecauselevelscanbegreatly

influencedby humanactivitiesbut arealsorelativelyeasyto monitor, regulatoryagencieshave

directedmanystandardsat ensuringthepresenceofadequatedissolvedoxygenin waterways.

Therehavebeenavarietyofefforts to developspecificcriteria for dissolvedoxygenin aquatic

systems.Studiesthathaveaddressedoxygenincludetheoneby theFederalWaterPollution

ControlAdministrationin 1968,theNationalAcademyofSciencesandNational Academyof

Engineeringin 1972,andMagnusonetal. 1979. TheNCD for dissolvedoxygenwasbasedon

this pastwork.

Illinois’ standardsapplicableto dissolvedoxygenhavebeenin placesincetheir initial

adoptionbytheBoardin 1972andhavenotbeenupdatedsincethen. In theMatter ofEffluent

Criteria, In theMatter ofWaterQuality Standards,In theMatterof WaterQuality Standards

Revisionsfor IntrastateWaters,R 70-8,R71-14,R 71-20(Jan.6, 1972). The standardthat was

setreflectedthegeneralpracticeatthis timeofsettingminimum concentrations.Thecurrent

Illinois standarddoesnot incorporatenaturalcycling in dissolvedoxygennoris it basedon the

mostrecentscientificinformationconcerningresponsesofaquaticlife to hypoxicconditions. It

is undulyrestrictiveandinflexible in awaythatis not reflectedin theNCD.

TheCWA requiresstatesto revisewaterqualitystandardswithin threeyearsofU.S.

EPA’sadoptionofnewcriteria. 33 U.S.C. § 1313(c). The Illinois standardhasnot been

addressedsincethe 1970s,andhasnotbeenrevisedto reflect theU.S.EPA’s NCD issued1986.
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This proposalis predicatedon theneedfor anewstandardto bringIllinois in line with federal

guidanceandthe latestscientificdataon dissolvedoxygen.

b. Purposeand Effect of the Proposal (Section102.202(b))

Thegeneralusewaterqualitystandardatissuein this regulationis centralto manyother

regulatoryprograms. It is abasisfor listing of impairedwaterbodiesandthusfor the

requirementthat a Total Maximum Daily Loadby developedfor thoseimpairedwaterways;it is

thesourceof thefocusondischargesofnutrients,forwhich Illinois EPA hasconvenedawork

groupto formulatestandards;andfor onenutrient,phosphorus,dissolvedoxygenis thebasisfor

theanticipateddevelopmentofan interim standardto beproposedby Illinois EPA. Becauseof

thewidespreadimplicationsofthedissolvedoxygenstandard,it is imperativefor the standardto

bevalid, basedon scientificdataand verifiableevidence. This is currentlynot the casewith the

existing Illinois generalusestandardfor dissolvedoxygen. JAWA hasthereforetakenit upon

itself to do thenecessaryscientificinvestigationandproposea scientificallydefensiblestandard.

JAWA askedDr. JamesE. GarveyandDr. Matt R. Whilesto undertaketheliterature

searchanddatareviewoftheeffectof dissolvedoxygen levelson fish speciesin Illinois. Dr.

GarveyandDr. Whilesareprofessorsin theDepartmentof Zoology,Fisheriesand Illinois

AquacultureCenterofSouthernIllinois University. Dr. GarveyandDr. Whilesareaquatic

ecologists,andamongotherexpertise,arerecognizedexpertson fish speciesin Illinois andthe

effect of waterquality on thosefishes. Dr. Whilesis arecognizedexpertin macroinvertebrates.

Dr. Garvey,who will testify in this matter,is aPhD in zoology. His colleagueandco-authorof

theAssessment,Dr. Whiles,is aPhD in ecology. BothDr. GarveyandDr. Whileshave

authoredandpresentednumeroustechnicalreportsin their field.
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Prior to undertakingthiswork, Mr. JohnMichael Callahan,DirectoroftheBloomington

andNormalWaterReclamationDistrict, actingon behalfofL&WA, andDr. Matt Whilesmet

with membersof Illinois EPA’s technicalstaffin theBureauofWaterto discusstheproposed

studyandobtain Illinois EPA’s guidanceasto how it shouldbe carriedout. Dr. Garveyalso

conferredwith andobtainedcommentsfrom theIllinois DepartmentofNaturalResources,which

weregenerallysupportive.

In completingtheAssessment,Dr. GarveyandDr. Whilesstudiedthenatureofthewater

systemsin Illinois which, with theexceptionofLakeMichigan,aredominatedby warmwater

systems. TheAssessmentexaminedthewarmwaterorganismsandtheeffectofdissolved

oxygenon thosesystems,including fish responsesto oxygenstress,macroinvertebrateresponses

to oxygenstress,aswell asenvironmentalvariationin dissolvedoxygen.

TheAssessmentalsoreviewedtheliteratureon dissolvedoxygen,including theNCD.

TheNCD maderecommendationsthat areseparatedfor coldwaterfishesandwannwaterfishes,

andfurtherseparatedthesefor earlylife stagesandotherlife stages.TheNCD’s two-

concentrationstructurefor periodswhenearlylife stagessensitiveto dissolvedoxygenareeither

presentor absentrecognizesthat naturalfluctuationsin dissolvedoxygendo occur,and

consequentlyaregulatorystructurethat accountsfor theearlylife sensitivityis adequately

protectiveofaquaticlife. TheNCD reflectsdissolvedoxygenlevelsthat are0.5 mgIL above

thosethat would beexpectedto resultin slight impairmentofproduction,thusrepresenting

valuesbetweenno impairmentandslightimpairment.

c. Affected Sourcesand Facilities (Section102.202(b))

Thesourcesthatwill beprimarily affectedby this rule arewastewaterdischargersthat

dischargean oxygendepletingsubstance,includingbiological oxygendemand(BOD) and

6



nutrients. Thosedischargersareprimarily entitiesresponsiblefor wastewatertreatment,

includingpublicly ownedtreatmentworks andindustrialdischargers,andagriculturalpointand

non-pointsources.IAWA representsapproximately98 members,includingPOTWsand

municipal interestsandothergovernmentalandprivateorganizationswith aninterestin

wastewaterissues.

3. Testimonyto BePresentedat Hearing (Section 102.202(c))

IAWA intendsto offer thetestimonyofits expert,Dr. JamesGarvey,to discussthework he

performedwith his colleagueDr. Matt Whilesfor theAssessment,includinghowthey

determinedtheseasonspecificdesignationsandthesensitivityoforganismsto dissolvedoxygen

levels. JAWA will also offer thetestimonyofDennisStreicher,theDirectorofWaterand

Wastewaterfor theCity ofElmhurst,concerningthedevelopmentofthis rulemaking,andthe

economicandtechnicalnecessityfor IAWA’s membersofrevisionto thedissolvedoxygen

rules. Finally, IAWA will offer thetestimonyofJohnMichael Callahan,theExecutiveDirector

oftheBloomingtonandNormalWaterReclamationDistrict, aswell asthe ChairoftheNutrient

TechnicalCommitteefor IAWA. Mr. Callahanwill alsotestifyasto theeconomicandtechnical

necessityfor this rulemaking.

4. Petition(Section102.202(d))

IAWA is movingcontemporaneouslywith submissionof thisproposalto waivethe

requirementthat it submitapetitioncontainingthesignaturesofatleast200 persons.

5. Proofof Service(Section 102.202(e))

IAWA hasattachedacertificateof serviceon all personsrequiredto beservedpursuant

to Section102.422.
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~l. Certification (Section102.202(h))

IAWA hasattachedacertificationthatthis proposalamendsthemostrecentversionof

therule aspublishedon theBoard’swebsite.

R fully Submitted,

OneoftheA orneysfor Petitioner

Roy M. Harsch
SheilaH. Deely
GARDNER,CARTON & DOUGLAS
321 N. Clark Street
Suite3400
Chicago,IL 60610-4795
Telephone:(312)644-3000
Facsimile: (312) 644-3381
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PROPOSEDRULE

Section302.206 DissolvedOxygen

Dissolvedoxygen(STORETnumber00300)shallbe determinedon amonthly basisas follows:
flot-belessthan6.0 mg/I. duringat least16 hoursofany 24 hourperiod,nor lessthan 5.0 mg/L
at-anytime

a. DuringthemonthsofJuly throughFebruary,dissolvedoxygenshallnotbe lessthana
onedayminimumconcentrationof 3.5mg/U, andasevendaymeanminimumof 4.0mg/L. The
meanminimumis definedastheaverageoftheminimumdaily recordeddissolvedoxygen
concentrationsandshouldbebasedon adatarecorderor representativegrabsamples.

b. DuringthemonthsofMarchthroughJune,dissolvedoxygenshallnotbe lessthanaone-
dayminimumdissolvedoxygenconcentrationof5.0mgIL. andasevendaymeanof6.0 mg/L.
Themeanis definedastheaverageofthedaily averagevalueand shouldbebasedon data
collectedby semi-continuousdataloggersorestimatedfrom therepresentativedaily maximaand
minimavalues.
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ExecutiveSummaiy

Dissolvedoxygenis animportantlimiting resourcein aquaticsystemsandis directly

affectedby humanactivitiessuchasorganicenrichment,increasednutrient loading,and

habitatalteration. Wereviewedthepublishedliteratureon responsesofwarmwater

freshwatersystemsto dynamicsofdissolvedoxygenandthenassessedcurrentIllinois

andnationalwaterqualitystandardsin light ofthesefindings. For fish, aquaticinsects,

freshwatermussels,andotherorganismstypically foundin warmwatersurfacewatersof

Illinois, reduceddissolvedoxygenhaslongbeenunderstoodto inhibit growth,survival,

andreproduction,primarilyby interferingwith aerobicmetabolism. More recently,low

dissolvedoxygenhasbeensuggestedto actasan endocrinedisruptorin fish, reducing

reproductiveviability. Dissolvedoxygenconcentrationsvarywidelybothamongand

within naturalstreamsandlakes,althoughmeanandminimumconcentrationsshould

declinewith organicenrichment.In systemswith low oxygenminima,only organisms

specificallyadaptedto hypoxicconditionsshouldpersist.

Our assessmentofthepublisheddatagenerallyaffirmstheguidelinesset forth for

warmwaterassemblagesby the 1986U.S. EnvironmentalProtectionAgency’snational

dissolvedoxygenwaterquality standardsdocument.Thecurrentemphasisin Illinois on

biotic indicatorsfor assessingtheintegrity ofstreamsandlakesshouldbecontinuedand

continuallyrefinedin ourview. Conversely,thecurrentdissolvedoxygenwaterquality

standardsetby theIllinois Pollution ControlBoard(minimumof 5.0mgIL) is too

conservativeandmayplacemanyaquaticsystemswith naturallyoccurringdissolved
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oxygenconcentrationsthat occasionallydeclinebelow thestateminimumstandardin

violation. This documentrecommendsa standardthatincludesseasonallyappropriate

meansandminimathatmorerealisticallyaccountfor natural fluctuationsin dissolved

oxygenconcentrations,while remainingsufficientlyprotectiveofaquaticlife andlife

stages.In general,ourrecommendedstandardsareeitherequivalentto ormore

conservativethantheestablishednationaldissolvedoxygenstandards.

Werecommendfor surfacewatersin Illinois (not includingLakeMichiganorwetlands;

alsoseeTable5):

• A 1-dayminimum of5.0mgIL springthroughearlysummer(i.e.,March 1

throughJune30)

• A 7-dmeanof6.0 mgIL springthroughearlysummer(i.e.,March 1 throughJune

30)

• A 1-d minimumof 3.5 mgIL theremainderoftheyear(i.e., July 1 through

February28 or29)

• A 7-dmeanminimumof4.0 mgIL theremainderoftheyear(i.e., July 1 through

February28 or 29)

• Areasin proximity to dischargesin whichdissolvedoxygenconcentrationscanbe

manipulatedshouldbemonitoredclosely,with daily minimaoccurringno more

than3 weeksperyear,not includingspringthroughearlysummer(i.e.,March 1

throughJune30),orthe 1-d minimumbe increasedto 4.0 mg/L
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A 1-dayminimumdissolvedoxygenconcentrationis the lowest allowableconcentration

during any givenday. A 7-daymeanis derivedby generatingtime-weighteddaily

averages(includingthedaily minimumandmaximum)andthendeterminingarunning

averageacross7 days. Maximum waterconcentrationsthatexceedair saturationshould

becorrected(i.e., decreased)to air saturationvalues. Seven-daymeanminimaare

calculatedby generatingarunningmeanofdaily minimaacross7 days.

Seasonsreflect timeswhenmostearlylife stagesof warmwaterfishes(i.e., eggs,

embryos,and larvae,typically 30-dpostspawning)areeitherpresent(March through

June)or absent(July throughFebruary)in Illinois waters(seeTable3). Warmwater

speciesthat spawnlaterduringsummershouldhaveadaptationsfornaturallyoccurring

reductionsin dissolvedoxygenconcentrationsexpectedto occurduringwarmmonths.

Ourreviewofthe literaturerevealedthatmanygapsin ourknowledgepersistabout

relationsamongdie! oxygencurves,nutrientstatus,andprimaryproduction.Mechanistic

researchratherthancorrelationalfield studiesmustbeconductedto developmoreprecise

andmeaningfulcriteriafor dissolvedoxygenand otherwaterqualitymeasures.

Similarly, ourunderstandingofbiologicalresponsesto oxygendynamicsis typically

correlational. Laboratory-derived,physiologicaltoleranceestimatesrarelycorrespond

well to field patterns.Improvedcriteriathat arerelevanton aregionalandhabitat-

specificbasiswill requireabetterunderstandingofhow organismsrespondto

experimentallymanipulatedvariablesin naturalsystems.
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Overview

This documentreviewsthecurrentliteratureon dissolvedoxygenin naturalsystemsand

thepotentialeffectsofhypoxia(i.e., low dissolvedoxygenconcentrations)onaquatic

life. It thenevaluatesthecurrentIllinois dissolvedoxygenwaterqualitystandard

(Illinois PollutionControlBoard302.206,302.502)andthenationalcriteria(Chapman

1986) in light ofthis information. Thefinal sectionsmakerecommendationsfor re-

evaluatingandmodifying currentIllinois statewaterquality criteriathat arebasedon

publishedresearchon naturalfluctuationsin aquaticsystemsandphysiologicaltolerances

ofnativeaquaticlife. Weconcludewith recommendationsforresearchthat, in ourview,

will improvethescientificfoundationunderlyingdissolvedoxygencriteriafor freshwater

systemsin Illinois.

Oxygenin freshwaterhabitats

Dissolvedoxygenis acritical resourcein freshwatersystemsbecauseit is essentialto

aquaticorganismsfor aerobicrespiration,andthusmostbiologicalactivity andassociated

processes.Further,becauseofoxygen’slow solubility in water,it is lessabundant,and

thusmorelimiting, in aquatichabitatscomparedto terrestrialhabitats.Theamountof

dissolvedoxygenin freshwaterhabitatsthat is availableto organismsis a functionof

manybiotic andabiotic factorsincludingmetabolicprocesses(photosynthesisand

respiration),temperature,salinity, atmosphericandwaterpressure,anddiffusion.

Dissolvedoxygenthat is availableto aquaticbiota is generallymeasuredandexpressed

asmg/I. orpercentagesaturation.Dependingon thearrayofaforementionedphysical
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andbiological factors,dissolvedoxygenlevelsin naturalfreshwaterhabitatscanrange

from nearzero(anoxicor anaerobicconditions)to supersaturated.

Anthropogenicinfluenceson oxygenin freshwaterhabitats

Along with themyriad naturalprocessthat influencedissolvedoxygenlevelsin

freshwaterhabitats,manyhumanactivitiescanhaveprofoundeffects. In particular,the

additionofnutrients(nutrientenrichmentand eutrophication)leadsto reducedoxygen

concentrationsbecauseofincreasedproductivityandbiochemicaloxygendemand

(BOD). Numerousothertypesofpollution (e.g., sediments,thermaldischarges,

pesticides)andothertypesof anthropogenicdisturbances(e.g.,streamchannelization,

catchmentlogging) caninfluenceoxygenlevelsbecausetheyinfluencethecombination

ofbiotic andabiotic factorsthat control it. Oxygendepletionasa resultofeutrophication

receivesmostattentionbecausethis is aprevalentprohiemassociatedwith human

activities(e.g.,sewageeffluent, agriculturalactivities,urbanization)thatis often linked to

reducedwaterqualityandthelossanddegradationofnaturalresourcessuchasfisheries

(Cooper1993). Eutrophicationhasalsoreceivedmuchrecentattentionbecauseof

relatedlarge-scaleissuessuchasthehypoxiczonein theGulfofMexico,which hasbeen

linked to elevatednutrientloads in theMississippiRiverandits tributaries(Rabalaiset

a!. 2002).

Dissolvedoxygenandwaterqualitymonitoring

Given that (i) oxygenis acrucial, limiting resourceto life in freshwaterhabitats,(ii)

humanactivities havegreatpotentialto influenceit, and(iii) it is relatively easyto
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monitor, regulatoryagencieslogically focuson dissolvedoxygenlevelsfor settingwater

quality standardsandmonitoringconditions. Mostfrequently,associatedmonitoring

activitiesfocuson daily minimumlevels(oftenquantifiedpre-dawn)or averagesovera

periodof time. Although thereis generalagreementthat dissolvedoxygenlevelsarean

importantcomponentofwaterquality standardsandmonitoringactivities,it is less clear

howstandardsfor givenregionsandhabitatsshould besetand howviolations ofthese

standardsareassessed(e.g.,daily minimumsvs. weeklyaveragesvs. dynamicsofdie!

oscillations).More recently,biological communities,usuallyfish and/or

macroinvertebrateassemblages(e.g.,biomonitoring),havebecomeincreasingly

importantcomponentsof surfacewatermonitoringprogramsbecausetheyintegrateand

reflect theconditionswithin thehabitat,including,amongotherthings,oxygenlevelsand

thefactorsthat influencethem(Plafkin et al. 1989,LoebandSpacie1993,Barbouret al.

1999).

NationalandStateCriteria

Becauseoxygenis typically theprimaryfactorlimiting aquaticlife, severalattemptshave

beenmadeto developspecificcriteriain aquaticsystems(FederalWaterPollution

ControlAdministration1968,NationalAcademyofSciencesandNationalAcademyof

Engineering1972,Magnusonet al. 1979a). ThecurrentUSEPAnationalstandardfor

dissolvedoxygen(Chapman1986)wasbuilt on this pastwork. Thenationalcriteria

documentadoptsatwo-concentrationstructurewith bothameanand aminimumand

includesspecificcriteria for bothcool-waterandwarm-watersystems.
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TheIllinois dissolvedoxygencriterionusedatpresentwasestablishedby theIllinois

Pollution ControlBoardthreedecadesagoin theearly 1970s(R. Mosher,Illinois EPA,

Division ofWaterPollution Control,StandardsSection,personalcommunication).It is

basedon a simpleminimum allowabledissolvedoxygenconcentration.Settingsuch

minimawascommonpracticefor establishingcontaminantloads in theearlyregulatory

settingfollowing passageoftheCleanWaterAct (Chapman1986). ThecurrentIllinois

criterion,basedon theseearlydecisions,doesnot incorporatenaturalcycling in dissolved

oxygennoris it supportedby themostrecentscientificinformationon responsesof

aquaticlife to hypoxicconditions.

Systemsin Illinois

With theexceptionof theLakeMichigansystem,mostinland watersin Illinois are

dominatedby warmwater,non-salmonidfauna!assemblages.Althoughtheterm

warmwaterhasbeenusedfor decades,a formal definition is still lacking(but see

Magnusonet a!. 1979b). In this document,warmwatersystemsaredefinedasthosethat

aretypically diverse,centrarchid-dominated,andcommonin theMidwesternand

southernUnitedStates(Magnusonetal. 1 979b). Fishesin thesesystemscanbequite

tolerantofat leasttemporaryperiodsoflow dissolvedoxygen(Chapman1986,Smale

andRabeni1 995a),althoughcertainspeciessuchassmallmouthbass(Micropterus

dolomieu)aremoresensitive.

Sincethenationalcriterionfor dissolvedoxygenwasdeveloped,fish continueto be

emphasizedbecauseof theircommercialandrecreationalimportance.Some



10

macroinvertebrates,suchasburrowingmayflies(Hexageniaspp.)andfreshwatermussels

(Li-Yen 1998),arefar lesstolerantofprolongedexposureto hypoxic conditionsthan

mostfish (Chapman1986,Winter et a!. 1996,Corkumet al. 1997). However,this may

beexpectedbecausemanysensitivemacroinvertebratespeciesoccupypristine,well-

oxygenatedbenthichabitatsorareriffle-dwelling. Riffles haveahigh dissolvedoxygen

flux andorganismspersistingin theseenvironmentsmight beexpectedto havehigh

oxygenrequirements.Assessmentsofaquaticlife responsesto hypoxicconditionsneed

to accountfor thephysiological,behavioral,andlife historyadaptationsoftheresident

organismsin thecontextoftheirnaturalenvironment.Whendevelopingoxygencriteria,

how naturalcyclesin dissolvedoxygenstructurewarmwaterassemblagesmustbe

considered.

WarinwaterOrganismsandDissolvedOxygen

Settingadissolvedoxygencriterionfor aquaticsystemsthatis adequatelyprotectiveto

aquaticlife is challengingbecauseofthewideadaptationsthat existamongorganisms.

In warmwatersystems,therichnessandabundanceofspecieswithin aquaticsystemscan

oftenbe explainedby variationin dissolvedoxygen,becauseonly themosttolerant

speciescanpersistin systemswith frequentorchronichypoxia. An extensivesurveyof

Missouristreamsrevealedthatlow oxygen,ratherthanhigh temperature,is theprimary

factorlimiting fish distributions(SmaleandRabeni1995a,b). Increasesin thedissolved

oxygenconcentrationandgeneralimprovementin waterquality ofthewesternbasinof

LakeEriearelargelyresponsiblefor improvedfish andbenthicmacroinvertebrate

communities(Ludsinet al. 2001). Similar improvementsin fish communitiesoccurredin
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Swedishstreamswhendissolvedoxygenincreasedandwaterquality improvedacrossa

thirty-yearperiod(Eklov et al. 1998,1999).

Manyphysiologicalresponseswithin aquaticorganismsoccurto ensuresurvivalunder

hypoxicconditions. Manyspecieswill initially increaseventilationto increasethe

exchangeofoxygenacrosstherespiratorysurface(e.g.,gills; Beamish1964,Fernandes

et a!. 1995,MacCormicket a!. 2003). Toleranceto hypoxiais ultimatelyaffectedby the

capacityof blood to uptakeand transportoxygen. Furmiskyet a!. (2003) founda marked

differencein bloodoxygencontentof largemouthbassandsmallmouthbass(M

salmoides)underhypoxia. Largemouthbassblood hadahigheraffinity for oxygenthan

that ofsmallmouthbass.Further,smallmouthbassbloodcontainedeleyated

concentrationsofcatecholamines,stresshormonesthatinitiate anumberofphysiological

mechanismsthatincreasebloodoxygentransport. In contrastto speciesthat actively

regulateoxygenconcentration,otherspeciesexposedto hypoxia,typically thosethatare

relativelyinactive inbenthichabitats,will reduceactivity andmetabolism,thereby

decreasingoxygendemandof tissues(CrockerandCech1997,Hagerman1998). Some

organismsrely on anaerobicglycolysisand otheranaerobicbiochemicalpathwaysto fuel

theirmetabolismduringtemporaryhypoxia(e.g.,commoncarp,freshwatermussels),

althoughthetypicaladaptationin habitatswith chronicallylow dissolvedoxygen

concentrationsappearsto beaerobicmetabolismplus efficientoxygenuptakeratherthan

anaerobicmetabolism(ChildressandSiebel 1998,Wu 2002). Whendeterminingthe

dissolvedoxygencriteriafor asuiteof systems,theinteractionbetweenphysiological

adaptationsandnaturalenvironmentaldissolvedoxygencyclesmustbeconsidered.
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Aquaticorganismswill also respondbehaviorallyto low dissolvedoxygenin the

environment. Organismsusuallymoveawayfrom areasoflow oxygento thoseofhigher

concentrationswhenoxygenconcentrationsarelocallyheterogeneous.This maymost

commonlyoccurin vegetatedareasof lakelittoral zonesin which oxygenconcentrations

varybothhorizontallyandvertically, with areasoflow andhigh oxygenadjacentto each

other(Mirandaet a!. 2000). Otherorganismssuchassomestreamfishesandamphipods

usetheair-waterinterfacewhendissolvedoxygenlevelsarelow (HenryandDanielopol

1998). Someinvertebrateand vertebratespeciesmusttrade-offtheuseofhypoxicareas

with therisk ofoccupyingothernormoxicareasthatmayhavea greaterrisk ofpredation

or lower foodavailability (Burlesonet al. 2001). This hasbeenwell documentedfor

zoop!anktonandChaoborususing thehypoxichypolimnionoflakesasa refugefrom

predators(TessierandWelser1991, PoppandHoagland1994,RahelandNutzman1995,

Dawidowiczet a!. 2001). More recentlyhypoxicareashavebeenshownto be important

for small fish evadingpredators(Chapmanet al. 1996,MirandaandHodges2000,

Burlesonet a!. 2001)orusingtheseareasto forage(RahelandNutzman1995).

Chapman(1986)foundthattheearlylife stages(e.g.,eggsandlarvae)ofaquatic

organismsarethemostsensitiveto hypoxia. For manyoftheseorganisms,much

exchangeofoxygenoccurscutaneously(Jobling 1995)andthus is not expectedto be

well-regulated.After theoxygenregulatingstructuressuchasgills are formed,the

ability to regulateoxygenandthus toleratehypoxiashouldimprove,with thestructureof

gills andassociatedrespiratorybehaviorreflectingspecies-specificoxygendemandsand
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naturallyoccurringoxygenconcentrations(Jobling1995). In fresh,warm-watersystems

suchasthosein Illinois, manybenthicareaswherefish maydepositeggsin nestscan

becomehypoxicor anoxic. Thebehaviorofnesttendingand fanningin adultsincreases

theoxygenavailableto eggsandembryos,offsettingtheeffect of low oxygen(Haleetal.

2003). Otherspeciesin thesesystemshaveadaptationsthat allow theireggsandlarvaeto

avoidanoxicsedimentsincludingsemibuoyanteggs(e.g.,asiancarps)oradhesiveeggs

that attachto vegetation(e.g.,northernpike, yellow perch).Riffle-dwellingor gravel-

spawningspeciesrelyon rapidexchangeofwaterto keepeggsoxygenated(Corbettand

Powles1986). How theseadaptationsallow aquaticspeciesto copewith naturalcycles

andspatialheterogeneityofdissolvedoxygenmustbeconsideredwhendeveloping

specificcriteria. Becausemostspeciesin Illinois spawnin springwhenflow ratesare

high andtemperature-inducedhypoxiais low, seasonalfluctuationsin dissolvedoxygen

mustalsobe factoredinto theevaluationofdissolvedoxygencriteriafor Illinois.

Chapman(1986)pointedout thatvery few investigatorshaveusedconventionaltoxicity

teststo generateLC5Os orEC5Osandthus find critical dissolvedoxygenconcentrations

of aquaticorganisms.With afew rareexceptions(i.e., Nebekeret a!. 1992),this hasnot

changedsince1986.Additionally, no standardizedmethodfor conductingacutetests

with dissolvedoxygenyet exists. As aconsequence,durationandintensityof

acclimationandexposureto hypoxicconditionsdiffer amongstudies. Oxygencontrolin

studiesis typically achievedeitherby vacuumdegassingornitrogenstripping,which

mayelicit differentphysiologicalresponses.Acuteeffectsofhypoxiahaveoftenbeen

quantifiedasan interactionwith otherfactorssuchascontaminants,temperature,and
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foodavailability. Forsublethaltests,effectshavebeenquantifiedasimpairmentof

behavior,reproduction,orgrowth. Chronictestsin thepublishedliteraturearerarerthan

acuteones,andareassumedto includethemostsensitivelife stages.Becausemost

dissolvedoxygentestsfail to includeafull life cycleor, atthe least,embryonicthrough

larval stages,thesetestsfall shortin assessingchroniceffects(but seeNebekeret a!.

1992). In thefield, hypoxiaoftenonly occurstemporarilybecausedissolvedoxygen.

concentrationsfluctuatedaily. Hence,quantifyingrecoveryuponreturnto normoxiamay

alsobe an importantrequisitefor standardizedtesting (Person-LeRuyet2003).

FishResponsesto OxygenStress

Most ofthestudiesquantifyingcritical dissolvedoxygenminimafor warmwaterfish

species(i.e., nonsalmonids)in Illinois predatethe1990s. A reviewofthesestudies

revealedthat adultsandjuvenilesofmostspeciessurvivedissolvedoxygen

concentrationsthat occasionallydeclinebelow 3 mg/l (Chapman1986). Higher

temperaturesgenerallyincreasethecritical dissolvedoxygenconcentrationnecessaryfor

survival. Manywarmwaterspeciescansurviveprolongedperiodsoflow dissolved

oxygenconcentrations(DowningandMerkens1957,MossandScott1961, Smaleand

Rabeni1995a,b). SmaleandRabeni(1995a)determinedcritical oxygenminimafor 35

fish speciesthatinhabit small warmwaterstreams(Table1). Thesecritical

concentrations,definedastheoxygenconcentrationatwhich ventilationceased,ranged

from 0.49mg/l to 1.5 mg/L (Table 1; SmaleandRabeni1995a). Thecurrentnational 1-

day minimumdissolvedoxygencriterionfor adult life stagesis 3 mg/L (Chapman1986;

Table2). With theexceptionof theoxygenminimasetby SmaleandRabeni(1985a)and
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testedin SmaleandRabeni(1995b),no studiesto ourknowledgehaveexplicitly

determinedhow thecriteriaset forth by theIllinois Pollution ControlBoardortheUS

EPA nationalwaterqualitydocumenttranslateto field distributionsof fish. Smaleand

Rabeni’swork suggestthatthecurrent1-dayminimumsetby thenationalcriterion for

warmwaterfish is sufficientlyprotectiveof streamfish assemblages.

Becauseearlylife stagesaretypically moresensitive,separatenationaldissolvedoxygen

criteriahavebeensetfor them(Table2; Chapman1986). An in situ testoftheeffectof

dissolvedoxygenconcentrationon survivalofembryonicandlarval bluegill, northern

pike,pumpkinseed,andsmailmouthbasswasconductedatspawningsitesin Minnesota

(PeterkaandKent 1976). Theinvestigatorsfoundthattoleranceof short-termexposure

to hypoxiadeclinedfrom embryonicto larval stages.Upontransformingto larvae,many

fishesbecomefree-swimmingandjoin theopen-waterichthyoplankton..Hence,some

larvaedepartingpotentiallyhypoxicbenthicspawningareasmayno longerrequirehigh

toleranceoflow dissolvedoxygenconcentrationsundernaturalconditions. Conversely,

otherspecieswith benthiclarvae(e.g.,lampreys)shouldbe quite sensitiveto chroniclow

oxygenatthesubstrate-waterinterface.

To find tolerancefor dissolvedoxygen,we digitized embryonicandlarvalsurvivaldata

from Figure 1 in Chapman(1986). We thensubjectedthedatafor Chapman’s“tolerant”

warmwaterspecies(largemouthbass,black crappie,white sucker,andwhitebass)and

“intolerant” species(northernpike, channelcatfish,walleye,andsmalimouthbass)to two

setsofanalyses,bothofwhicharedesignedto isolatean“inflection” point in thecurves
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ofdissolvedoxygenconcentrationversuspercentsurvival(relativeto controls). The

natureofthedatadid not allow usto conductaprobit analysiswidelyusedin toxicology.

Rather,in thefirst analysis,weusednon-linearregressionto fit thebestmodelsto the

tolerant(Michealis-Mentin)andintolerant(logistic) speciesdata.A secondanalysiswas

usedto identify thepoint ofmajorchangein thedistributionsforboth tolerantand

intolerantfishes. This two-dimensionalKolmogorov-Smirnovtest(2DKS)hasbeenused

successfullyfor findingmajorbreakpointsin bivariatedata,for examplewhensurvival

changesfrom consistentlyhigh to variablebeyondorbelowsomethresholdcontaminant

concentration(Garveyet al. 1998a).

Forthenon-linearregressionanalysis,thecurvesfit thedatamoderatelywell (Figure 1).

Thehalf-saturationdissolvedoxygenconcentration(similar to anLC5O value)for the

tolerantspecieswas2.8~mg/l.For theintolerantspecies,thedissolvedoxygen

concentrationat which 50%survivaloccurredwasmuchhigherat4.3 mg/I.. In the

2DKS analysis,thethresholddissolvedoxygenconcentrationswere3.72 and3.75 mg/L

for thetolerantandintolerantdistributions,respectively,suggestingthat survivaloffish

variedbelowthesevaluesandwasconsistentlyhighabovethem. A conservative

interpretationis thatintolerantembryosandlarvaeareindeedmoresensitiveto low

oxygenconcentrationsandthat survival shouldbeginto declinebelow4.3 mg/L. Early

life stagesoftolerantspeciesshouldonly beginto showsurvivaleffectsbelow 3.7 mg/L.

Sublethaleffectsof low dissolvedoxygenon growth arelikely morecommonthandirect

lethal ones. Thus,carefullyquantifyingsublethaleffectsis an importantrequisitefor
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settingcriteriafor fish and otherorganisms. Low dissolvedoxygenconcentrationscan

reducegrowthby reducingforagingbehaviorandincreasingmetaboliccosts. A review

conductedby JRBAssociates(1984)summarizedgrowthresponsesofnorthernpike,

largemouthbass,channelcatfish,andyellowperchto reduceddissolvedoxygen

concentrations(datasources:Stewartet a!. 1967, AdelmanandSmith1972, Carlsonet

al. 1980). Fornorthernpike,growthdeclinedfrom 16%to 25%between5 and4 mg/I.,

with growthreducedby 35%~atthelowestconcentrationof3 mg/!. Growthofchannel

catfishdeclinedfrom 7% to 13%between5 and4 mg/I., with a 29%reductionat2 mg/L.

For largemouthbassandyellow perch,strongreductionsin growthdid not occuruntil

concentrationswere2 mg/I., with growthreducedby 51%for largemouthbassand22%

for yellowperch.

Extrapolatinggrowthresultsfrom laboratoryexperimentsto the field maybe

problematic,primarily becauseof differencesin food availability. Although reduced

oxygenmayreduceconsumption,fish in laboratorystudiesmayhaveeasyaccessto food

andthusnot sufferthesameimpairmentascounterpartsin thefield (Chapman1986).

Chapman(1986)comparedthedatacompiledbyJRBAssociates(1984) to thoseof

Brake(1972)who conductedapondexperimentexploringtheeffectofreducedoxygen

on largemouthbassgrowth. Brakefoundthat growthoflargemouthbasswasreducedby

asmuchas34%at dissolvedoxygenconcentrations(4-5mg/I.) that hadlittle effectin the

laboratory. Similarly, RNA-DNA ratios(anindexof growthwherehigh RNA

concentrationsrelativeto DNA suggestsrapidproteinsynthesisandgrowth)werehigher

for bluegill undernormoxicconditionsthancounterpartsexposedto hypoxicconditions
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in thenaturalenvironment(Adayet al. 2000). However,this effectofhypoxiacouldnot

be replicatedunderlaboratoryconditions(Adayeta!. 2000). Clearly, field conditions,

including reducedfood,changingtemperatures,increasedactivity rates,andfluctuating

oxygenlevels,needto be incorporatedinto studiesquantifyingtheintermediate-and

long-termeffectsofhypoxiaon growth.

Fewstudieshavequantifiedtheeffectofreduceddissolvedoxygenconcentrationon the

reproductiveviability ofadultfish. Recently,hypoxiahasbeenshownto be an endocrine

disruptor,affectingfish reproductivesuccess(Wu et al. 2003). Commoncarpexposedto

chronichypoxiahadreducedlevelsofserumtestosteroneand estradiol. Thesereduced

levelsled to decreasedgonadaldevelopmentin bothmalesandfemales. Spawning

success,spermmotility, fertilizationsuccess,hatchingrate,andlarval survivalwereall

compromisedthroughthis mechanism.Lossofreproductivecapacitythroughreduced

energyintakeor increasedmetaboliccostshasbeenthemoretypical mechanism

implicated. Forspeciesin whichadultbehavioris important(e.g.,nestguarding),adults

mayabandonnestsorceaseparentalcarebelow somethresholddissolvedoxygen

concentrationwherephysiologicalcostsoutweighthebenefitof successfullyproducing

offspring(Haleetal. 2003).

The timing andperiodicityofspawningshouldcorrespondwith ahostofecological

factorsincluding theavailabilityoffood, avoidanceofpredators,andoverlapwith

optimumabiotic conditions(e.g.,temperatureand oxygenconcentration;Winemillerand

Rose1992). Obviously, all of theseconditionstypically do not co-occurin time,
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necessitatingtrade-offsfor reproducingfish andotheraquaticorganisms.Themajority

ofwarmwaterfishesin Illinois spawnduring springthroughearlysummer(i.e., asearly

asMarchandaslate asJune;Table3), largelybecausethis (i) allows youngfish to

overlapwith a springpulsein primaryproductionand(ii) providesenoughtime during

thegrowingseasonfor offspringto becomelargeandsurvivewinter(Garveyet a!.

1 998b). Duringspring,oxygenconcentrationsin moststreamandlakesystemsshould

not beexpectedto be low, becausethetemperature-dependentoxygencapacityofwater

is not limited, lakesaretypically unstratifiedandmixed,andseasonalproductionand

thuswhole-systemrespirationhasnot yetpeaked.However,a few speciesdo spawn

continuouslythroughsummerwhennaturaloxygen-concentrations-maybeexpectedto

fluctuateandmayreachlimiting levels. Underthesecircumstances,fishesmusthave

adaptationsto reproducesuccessfullyincludingparentalcare(e.g.,nestfanning),riffle-

dwellingoffspring,or oxygen-toleranteggs,embryos,andlarvae. -

Macroinvertebrateresponsesto oxygenstress

Macroinvertebrate(typically larval stagesofaquaticinsectsandfreshwatermussels)

responsesto low oxygensituationshavebeencharacterizedatthecommunity, -

population,andindividual levels. Macroinvertebratecommunitiesand assemblagesin

habitatswith low dissolvedoxygenlevelsaregenerallydominatedby taxathatbreathe

atmosphericoxygenthroughrespiratorytubesor theuseoftransportableair stores(e.g.,

pulmonategastropods,hemipterans,andmanydipteranandcoleopterantaxa)and/or

thosewith otheradaptationssuchassomeoligochaetesandChironomusmidgeswith

hemoglobinin theirblood (Hynes 1960,Wiederholm1984). Othertoleranttaxa,suchas
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thefingernailclamPisidium,canperformanaerobisandgo throughperiodsofdormancy

(Hamburgeret a!. 2000),andthusmayalsobe abundantin low oxygenenvironments.In

contrast,taxaassociatedwith highlyoxygenatedenvironments,suchasmanyPlecoptera,

Ephemeroptera,andTrichopterataxa,whichprimarilyusetrachealgills for respiration,

areusuallyunderrepresentedorabsentin oxygen-limitedfreshwaterhabitats.These

patternsarethebasisfor numerousmacroinvertebrate-basedbiomonitoringprograms-

becausetheyarefairly consistentandreliableindicatorsof increasingorganicpollution

andassociateddecreasesin oxygenavailability,andcanthusreflectoverall systemhealth

by integratingspatialandtemporalconditionsassociatedwith pollution andassociated

oxygenstress(e.g., Hilsenhoff1987,Hilsenhoff1988,Lenat 1993,Barbouret a!. 1999).

Consideringtheincrediblediversity offreshwaterinvertebrates,thereis relatively little

information regardingtheiroxygenrequirementsandtolerances.As would beexpected

for suchadiversegroupoforganisms,studiesto dateindicatethatmacroinvertebrate

responsesto oxygenstressatboth thepopulationandindividual levelsvary greatly.

Lethaleffectsareobviousandwell documentedfor manytaxa,particularlymore

sensitivetaxasuchasmembersoftheEphemeroptera,Plecoptera,andTrichoptera(Fox

eta!. 1937, Benedetto1970,Nebeker1972,Gaufin 1973). Thesestudiesandothers

(reviewedby Chapman1986)indicatearangeoflethalminimafrom <0.6mg/L for the

midgeTanytarsusto 5.2 mg/L for anephemerellidmayfly, andadissolvedoxygen96-

hourI.C-50concentrationofbetween3-4 mg/L for abouthalfof all insectsexamined.

Similarly, toleranceto hypoxiarangesdramaticallyamongfreshwatermussels,a group

that is ofspecialconcernbecausepopulationdeclinesarewidespreadandmanyspecies
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arenowthreatenedorendangered.In laboratoryexperiments,survivalof Villosa spp.,a

riffle-dwelling genus,wascompromisedunderhypoxic conditions(<2 mg/l), whereasno

negativesurvivaleffectsoccurredfor otherspeciessuchasElliptio spp.andPyganodon

grandis(Li-Yen 1998). Manyofthesevaluesmustbeconsideredwithin the contextin

which theywereobtained,asthemostsensitivetaxaoftenlive in flowing waterhabitats

anddiffusion ofoxygeninto gills andotherpermeablesurfacesis partlyafunctionof

watervelocity becauseit determinesthereplacementrateof wateraroundthediffusion

surface.Usingclosedrecirculatingsystems,SparksandStrayer(1998)examined

responsesofjuvenileElliptio complanatato varyingdissolvedoxygenlevelsandfound-a

sharpdifferencesin behavior(e.g.,gaping,siphonextending)between2 and4 mg/I., and

individualsexposedto concentrationsof 1.3-mg/L for aweekdied.

Along with lethaleffects,therearealsoimportantsublethalresponses.The most

commonlyreportedsublethaleffectof low oxygenlevelson macroinvertebratesis

reducedgrowth. Reducedgrowthratesoccurbecauseofdecreasedaerobicrespiration

ratesandtheuseofenergyreserves,whichwould normallybeusedfor growth and

reproduction,for bodymovementssuchasventilatingand/orothermechanismsfor

increasingoxygenuptake(Fox andSidney1953,Eriksonet al. 1996). Pesticidesand

othertoxicants,which areoftenpresentin pollutedhabitatswhereoxygenstressoccurs,

can furtherreduceinvertebratetolerancesto low oxygenconditionsbecausetheyoften

alter respirationratesthemselves(e.g.,Maki etal. 1973,Kapoor1976). For freshwater

mussels,the influenceofotherfactorsincludingsiltation,alteredhabitat,andlossoffish

hostsfor reproductionmayinteractwith low dissolvedoxygenconcentrationsto reduce
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growthandreproductivesuccess(Watters1999). Theconsequencesofsublethaleffects

suchasreducedgrowth areimportantatthepopulationlevel becauseadult femalesizeis

positivelycorrelatedwith fecundityin avarietyof invertebrates(VannoteandSweeney

1980,SweeneyandVannote1981). -

Environmentalvariation in dissolvedoxygen

Dissolvedoxygenconcentrationsfluctuatein naturalsystems.Evenrelativelypristine

systemsmayhavespatialheterogeneityin oxygenconcentrationsthatrequiresorganisms

to moveor tolerateoccasionalspatesofhypoxia. Becausehypoxiais oftenanatural -

phenomenon,mostspecieshavesomeadaptationsthat allow themto tolerate

occasionallylow oxygen,whileotherspeciesarespecificallyadaptedto occupyareasof

chronicallylow oxygen(e.g.,profundalamphipods;Hamburgeret al. 2000,MacNeil et

a!. 2001). This sectionexploresfactorsinfluencingvariation in aquaticsystemsof

Illinois, with implicationsfor thegrowth,survival,andreproductivesuccessofresident

organisms.

Most field studiesexploringecologicaleffectsofdissolvedoxygencorrelatevariationin

dissolvedoxygenconcentrationswith thedistributionsof fish andotherorganisms.If a

correlationoccurs,theninvestigatorsinfer that dissolvedoxygenis themajorfactor

underlyingobserveddistributions. Themosttypical occurrenceofhypoxiain natural

freshwatersystemsarisesin stratifiedlakesduring summer.Hypolimnetic(lower strata)

watersof lakesoftenbecomedepletedofoxygenduringthis season,causingfish and

otherorganismsto avoidtheseareas.A projectquantifyingtheverticalandhorizontal



23

spatialdistributionoffishesin LakeofEgypt, Illinois duringsummerthroughfall 2003

stronglydemonstratedthispattern(Shermanand Garvey,unpublisheddata). Threadfin

shad,a specieswith a low toleranceto hypoxia,andhybridstripedbass,amoretolerant

fish, weresampledwith gill netsat threedepthsin threelocationsofthe lake. Spatial

distributionof thesespecieswasaffectedby thepresenceofhypoxichypolimneticwater,

with consistentlyscarceabundancebelow 4 mg/I. dissolvedoxygen(Figure2). This-

researchconfirms thelong-heldassumptionthat an increasein hypoxichypo!imnetic

water,expectedto occur in relativelyshallow,eutrophicsystems,should severelyrestrict

habitatfor fish and otherorganisms(Nurnberg1995a,b,2002). Combinationsof -

suboptimalwarm temperaturesandlow oxygenduringsummermonthscanleadto

“summerkills”offish, particularlythosespeciesthathavepoortoleranceto hypoxia(e.g.,

shad). Althoughoxygenstratificationis notprevalentduringwintermonths,

“winterkills” offish mayoccurby thenatural,biologically drivendepletionof oxygen

undersnow-coveredice in lakes(Klinger et al. 1982,FangandStefan2000, Danylchuk

andTonri 2003). Thisshouldbemoretypical in thenorthernportionofIllinois where

wintersaremoresevere.

Dissolvedoxygenconcentrationsin streamscanbe influencedby manynatural

environmentalfactors. Groundwaterinundationofstreamsmayprovidecool

temperaturesthat arepreferredby aquaticorganismssuchasfish duringsummermonths

(MatthewsandBerg 1997). However,thetradeoffof seekingthesewatersmaybe that

theyareseverelydepletedin oxygen(MatthewsandBerg 1997). Manystreamsundergo

anatural,oftencyclic patternofflooding anddrying. Duringstreamdrying, isolated
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poolsproviderefugefor streamorganisms.However,extremesin temperature,increases

in nitrogenouswastes(e.g.,ammonia)andsalts,andreductionsin oxygencantaxthe

performanceofresidentorganisms(OstrandandMarks2000,OstrandandWilde 2001).

Not surprisingly,fishesnativeto thesesystemstolerateextremeconditionssuchasvery

low dissolvedoxygen(Cechet a!. 1990). Typically, oxygenreductionsin streamsand

otheraquaticsystemsarecausedby an increasein oxygendemandofthemicrobesand

perhapsautotrophs(particularlyduringnight) throughorganicenrichment.However,

respirationofabundantorganismssuchastheexoticzebramusselcanbesufficiently

high to decreasedissolvedoxygenconcentrationswithin lotic systems(Caracoet a!.

2000).

Many examplesofalterationsofaquaticcommunitieswith eitherspatialor temporal

changesin dissolvedoxygenconcentrationsexist. Naturalvariation in dissolvedoxygen

concentrationoccursin thefloodplainsof streamsandrivers, affectingthedistributionof

fish. Forexample,larval sunfishandshadabundancewereassociatedwith spatial

variationin dissolvedoxygenconcentrationin wetlandsoftheAtchafalayaRiverin

Louisiana(Fontenotet al. 2001). Whenincreasedconnectivitythroughflooding

increaseddissolvedoxygenconcentration(above2 mg/I.) in this system,larval fish

becameabundant,likely improvingrecruitment. Hence,naturalwetlandswith high

connectivityto theirrespectiveriver or lakeshouldhavehigh survivaloffish andother

organisms. Indeed,reductionsin connectivitydueto leveeconstructionand

sedimentationhavebeenimplicatedin reductionsin local speciesrichnessofwetlands

andadjacentecosystems.With improvementsin waterquality duringthepastfew
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decades,increasesin dissolvedoxygendueto reductionsin organicenrichmenthave

enhancedfish speciesrichnessin manysystemsrangingfrom small streams(Eklov et a!.

1999)to theGreatLakes(Ludsinet a!. 2001).

Although field associationsbetweenoxygenandspeciesassemblagesaresomewhat

common,few field studieshaveattemptedto link theoxygen-drivendistributionof -

organismsin thefield with laboratory-derivedcritical oxygenminima. We know ofno

currentpublishedliteraturethat explicitly links thedistributionof organismsto the

warmwaterdissolvedoxygencriteriasetby eitherthenational(Chapman1986)or -

Illinois waterquality standards.Probablythemostextensivecombinedfield and

laboratoryprojectthattestedaspecifica priori oxygencriterionwasinitiatedby Smale

andRabeni(1995a,b; Table1). Oxygenminimain theeighteenheadwaterstreamsin

whichtheyworkedrangedfrom 0.8 to 6.0 mg/L duringspringthroughsummer1987and

1988. Dissolvedoxygenconcentrationsandtemperatureswerequantifiedat least

monthly,andlow dissolvedoxygenconcentrationsweremostfrequentduringwarm days

with low to no flow. A multivariateanalysisrevealedthatoxygenminimaaffectedfish

assemblagesmorethantemperature.Temperaturemaximawereonly correlated-withfish

assemblagecompositionin well oxygenatedsites. Thus,oxygenconcentrationwasthe

“template” affectingfish success,with temperatureonly beingimportantwhenoxygen

concentrationswerehigh.

SmaleandRabeni(1995b)usedthelaboratory-derivedoxygenminimasummarizedin

Table 1 to generateahypoxiatoleranceindex. This indexwascalculatedby multiplying
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thecritical oxygenminimum for eachspeciesby its frequencyof occurrenceat eachsite.

The valuesfor eachspecieswerethensummedto derivea site-specificindexvalue.

Meandissolvedoxygenand thehypoxiatoleranceindexwerestronglypositively

correlated(r=0.85) amongsites. Further,bothoxygenminimaandhypoxiaindexvalues

differedamongstreamreachcategories.Siteswithin therelativelystable,steepOzark

regionstreamshadhighervaluesthanintermittent,lower gradient,moreagricultural -

Prairieregionstreams.This researchprovidesa frameworkby which streamsmight be

characterizedby fish responsesto expectedoxygenminima. Muchlike otherindices,the

fish assemblageintegratesthe long-termoxygenregimewithin streams,without frequent

andcostlywaterquality monitoring. However,therelativecontributionofhuman-

inducedenrichmentandnaturalfactorsto oxygenconcentrationsandhypoxiaindex

valuesin thestreamswerenot exploredin this study.

Identifyingcritical oxygenminimaappearsto be apotentiallyusefulwayfor

characterizingsystemsandsettingstandardsfor regulationofdissolvedoxygen.

However,fluctuationsin dissolvedoxygenmayalsobe important,influencingthe ability

for organismsto persist. Althoughwehaveastrongunderstandingofthemechanisms

underlyingfluctuationsof dissolvedoxygenin aquaticsystems,theextentofcyclinghas

notbeenwell documented.Rather,mostfield studiesquantifyingoxygenconcentrations

in aquaticsystemsrelyon temporallyand spatiallystaticpoint estimates.We do not have

aclearsetof expectationsfor thespatialextent,duration,frequency,or magnitudeof

dissolvedoxygenfluctuationsin lotic andlentic aquaticecosystems.Nor do weclearly

understandhow organicenrichmentandotherphysicalchangesaffectmanyaspectsof
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oxygendynamics.Organicenrichmentshouldincreasethespatialextentofhypoxia

within aquaticsystems.Further,enrichmentshouldlowermeandissolvedoxygen

concentrations,decreaseminimumoxygenlevels,andpotentiallydampendaily cyclesin

oxygen,with importantimplicationsfor thestructureofaquaticcommunities.

Understandingthedynamicsofoxygenshouldbeparticularlyimportantfor systemsin

which organismshaveno refugefrom hypoxicareas. -

Nationalwaterqualitycriteria for dissolvedoxygen

Nationalwaterquality criteriafor dissolvedoxygenarebasedprimarily on researchon -

theeffectsof low dissolvedoxygenon thegrowth,survival,andreproductionoffishes.

Chapman(1986)reviewedinformationon theserelationshipsanddevelopedstandards

nowusedby theUSEPA. Chapman’srecommendationsareseparatedinto criteriafor

coidwater(containing1 ormorespeciesof salmonid[Bailey et a!. 1970]or other

coldwaterorcoolwaterspeciesthataresimilar in requirements)andwarmwaterfishes,

andfurtherdivided into earlylife stagesandotherlife stages(Table2). Chapman’s

(1986)criteriareflectdissolvedoxygenlevelsthat are0.5 mg/I. abovethosethatwould

beexpectedto resultin slightimpairmentofproduction,thusrepresentingvaluesthat lie

betweenno impairmentandslight impairment. Henceeachvalueis athresholdbelow

which someimpairmentis expected.However,thereis possibilityofslight impairmentif

criteriaconcentrationsarebarelymaintainedfor considerablelengthsoftime (Chapman

1986).
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For averages,theperiodofaveragingis importantandshould beamovingaveragefor

theperiodofinterest. Seven-dayaveragesareusedbecausetheearlylife stagesoffish -

exist for shortperiodsandarevery sensitiveto oxygenstressduring this period. If more

thansevendaysareincludedin the averaging,oxygenstressto earlylife stagesduringthe

critical periodmaybeunderestimated.Longeraveragingperiods(e.g.,30 days)canbe

usedfor otherlife stages.Daily averagescanbereasonablyapproximatedfrom daily

maximumandminimumreadingsif diel cyclesaresinusoidal. If diel cyclesarenot close

to sinusoidal,timeweightedaveragingcanbeused.However,with theincreasing

availability andaffordabilityof dataloggingoxygenmeters,estimatingdaily averages-

with thesemethodsis becomingobsoleteandmonitoringdissolvedoxygen

concentrationsovertime is becomingeasierandmoreaccurate.For averaging,daily

maximumvaluesthat areaboveair saturationcannotbeused(e.g.,theyshouldbe

adjustedto 100%air saturation)becausetheywill artificially inflatedaily ayeragesand

do notrepresentanybenefitsto fishes(Stewarteta!. 1967).

Daily minimumvaluesarenearthe lethal thresholdsfor sensitivespeciesandare

includedto preventacutestressand/ormortalityofthesesensitivespecies.Duringdie!

cyclingofdissolvedoxygen,minimumvaluesbelowthe acceptableconstantexposure

levelsaretoleratedaslongastheproperlycalculatedaverages(seeabove-)-meet or -

exceedcriteriaandtheminimumvaluesarenotobviouslycausingstressormortality. In

somecases(i.e. wherelargeoscillationsin diel cyclesof dissolvedoxygenconcentrations

occur),meancriteria aremet butmeanminimumcriteriaareviolatedrepeatedly.In these

cases,themeanminimumcriteriaaretheregulatoryfocus.
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In summary,dailyminimaarethe lowestdissolvedoxygenconcentrationsthat occur

eachday(Table4). Seven-daymeanminimaarecalculatedby averagingthedaily

minimaacrosssevendays(Table4). If only a maximumand minimumdaily temperature

is available,a 7-daymeanis calculatedby averagingthedaily meansof themaximum

andminimumandthenaveragingacrosssevendays(Table4). It wouldbemore -

desirableto generateatime-weighteddaily averageofmultiple (or continuous)

temperatures,including themaximumandminimum. If dailymaximaexceedtheair-

saturationconcentration(in Table4, 11 mg/I.), thenthemaximumis adjustedto that

concentrationbeforeinclusionin themeans.

To accountfor theuniqueproblemsassociatedwith point dischargesin whichdissolved

oxygenconcentrationscanbe manipulated(henceforthmanipulatabledischarges),-

Chapman(1986)recommendedthatdaily minimumvaluesbelow theacceptable7-day

meanminimumbe limited to 3 weeksperyearor thattheacceptableone-dayminimum

be increasedto 4.5mg/I. for co!dwaterfishesand3.5 mg/I. for warmwaterfishes.

Undersomenaturalconditions(e.g.,wetlands),expecteddissolvedoxygen

concentrationsmaybe lower thanmeansor minimasetby thenationalcriterion. Under

thesecircumstances,theminimum acceptableconcentrationwouldbe 90 percentofthe

naturalconcentration.A low “naturalconcentration”is definedby Chapman(1986)as

naturallyoccurringmeanorminimumdissolvedoxygenconcentrationsthatarelessthan

110percentoftheapplicablecriteriameans,minima,orboth.
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illinois waterqualitycriteriafor dissolvedoxygen

The currentIllinois generalusewaterqualitystandard(Illinois Pollution ControlBoard,

302.206)permits dissolvedoxygenconcentrationsto be lessthan6.0 mg/I.no morethan

- 16 hoursa day. At no time candissolvedoxygenconcentrationsdeclinebelow 5.0 mg/L.

This criterion is similar to that setby theUSEPA in 1976,which statedthat dissolved

oxygen concentrationsshouldnot declinebelow5.0 mg/I. in aquaticsystems(USEPA

1976). This earlynationalstandardwasinfluencedheavilyby ajoint NationalAcademy

of SciencesandNationalAcademyofEngineeringReportonwaterquality in 1972 that-

encompasseda singledissolvedoxygencriterionfor coldwaterandwarmwaterspecies.

Unlike thecurrentnationalcriterion(Chapman1986,previoussection),this earlier

nationalstandardandthecurrentIllinois standardarebasedon a singleminimum,rather

thanacknowledgingthat fluctuationsmayoccur,necessitatingthe inclusionofan

average. It alsodoesnot developseparatecriteriafor differenttaxonomicgroups(e.g.,

coldwaterversuswarmwaterfishes),systems(e.g.,semi-permanentstreamsversus

permanentlakes),or ecoregions(e.g.,centralcornbelt versusinterior river lowland).

Illinois EPA summarizesthestate’swaterquality in accordancewith Section305(b)of

theCleanWaterAct (IL EPA2002). Annualreportsaregeneratedthatassessthequality

ofsurfaceandgroundwatersofthe state. In general,surfacewatersaredividedinto

streams,lakes,andLakeMichigan,ofwhichwewill focusprimarily on assessmentsfor

streamsandlakes. Severalmonitoringprogramsprovidedatafor surfacewaterquality

assessmentincluding theAmbient WaterQuality Monitoring Network(AWQMN),
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IntensiveBasinSurveys(IBS), Facility-RelatedStreamSurveys(FRSS),theAmbient

LakeMonitoringProgram(AI.MP), theIllinois CleanLakesMonitoring Program

(ICLP), theVolunteerLakeMonitoring Program(VI.MP), andtheSourceWater

AssessmentProgram(SWAP).

Illinois EPAhasadoptedseveraldesignatedusecategoriesfor waterincludingaquatic

life, primarycontact(swimming),secondarycontact(recreation),publicwatersupply,

fish consumption,andindigenousaquaticlife (ILEPA 2002). In thisreport,we

summarizetheapplicability ofdissolvedoxygenstandardsprimarily for the aquaticlife-

usedesignation,which is intendedto providefull support for aquaticorganisms.The

indigenousaquaticlife designationis reservedfor systemsin Illinois which do not fall

underIllinois EPA’s generalusedesignation(e.g.,LakeCalumetandshippingcanals).

We do not exploretheapplicability ofstandardsfor thesenonindigenoususewaters, -

althoughthecriterion for dissolvedoxygenis aminimumof 4.0 mg/I., 1 mg/I. lower than

thestatewideoverall usestandard.

Illinois EPA’s approachtowarddeterminingwhetherawaterbody meetstheaquaticlife

designationis to first usearelevantbiotic indicatorsuchastheIndex ofBiotic Integrity

for fish (ffiI; Karr 1981,Karr et a!. 1986,Bertrandeta!. 1996)orMacroinvertebrate

Biotic Index (MBI) (II. EPA 1994). Secondarily,theIllinois EPA turnsto legally

establishednarrativeandnumericwaterquality standards,suchastheonesetfor

dissolvedoxygen. This approachis valid becauseit usesacceptedbiological indicatorsto

integratetheoverall effectsofwaterandhabitatqualitywithin astreamor lake.
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Adherenceto waterstandardssuchastheoneset for dissolvedoxygencanthenbeused

to identify thecausesofimpairment.-

Aquaticlife usein Illinois streamsis evaluatedbasedona“weightof evidence”approach

endorsedby USEPA(II. EPA 2002). If possible,fBI andMBI dataareevaluated.These

biotic integrity valuesarecomparedto establishedcriteriaandthenstreamreachesare

categorizedasbeingin full, partial,ornonsupportof theaquaticlife designateduse. If

indexvaluesareincompleteoravailable,thenwaterchemistrydataareusedto assess

quality. It is underthis scenariothat theIllinois standardfor dissolvedoxygenmight be

usedto determinewhetherastreamreachis in compliancewith thisusedesignation.

Waterqualitydatafor streamsderivefrom severalsourcesincluding theIBS, which

generatesIBI andMBI dataandtwo orthreewaterchemistrysamplesat intensivesurvey

basinsites. AWQMN stationsalsogeneratewaterchemistrydatato beusedin

assessments(aboutninesamplesper year). FRSSstationsarelocatedatpoint sources

andprovidean additionaltwo orthreewaterchemistrysamplesperstation. Although

this combinationofbiological andwaterquality dataprovideausefulgeneralassessment

ofstreamreachintegrity, dissolvedoxygenconcentrationsderivingfrom thesesampling

regimesarelimited atbestandprobablydo not capturethenaturaldaily andseasonal

fluctuationsthat occur. Limited pointestimatesofdissolvedoxygenconcentrationmay

not fully reflecttheoxygendynamicsoccurringin streamreaches.

In recognitionofthe limitations ofsinglewaterchemistryestimates,Illinois EPAuses

criteriabasedon theageandabundanceofwaterqualitysamples(IL EPA2002). For
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example,aspecificwaterqualitycriterioncanbeusedto assessaquaticlife useif tenor

moresampleslessthan5 yearsold areavailable. Undertheseconditions,a systemwould

beimpairedfor aquaticlife useif dissolvedoxygenconcentrationsdeclinedbelow the

statestandardin greaterthan 10% ofsamples.If greaterthan25%of samplesarebelow

thestandard,thenthereachis consideredseverelyimpaired. This approachbetter

integratespotentialfluctuationsin dissolvedoxygenconcentration.However,if -

minimumdissolvedoxygencriteriausedby thestatearetoo conservative,minimawithin

naturalfluctuationsin oxygenconcentrationmaybeinterpretedasimpairment. Because

theIllinois EPA designationprocessrequiresthat biologistsaccountfor othersite- -

specific factorssuchashabitatqualityandbiotic integrity indicators,the likelihood that a

systemwouldbeconsideredimpairedsolelyasafunctionof low dissolvedoxygen

concentrationis low.

A similarapproachis usedfor theassessmentofaquaticlife usein inland lakesin Illinois

(IL EPA 2002). Chemical,physical,andbiological dataderivefrom manysources,and

includeasmanyas2,000 lakes. Probablythemostintensivesurveyprogramis the

ALMP, which includesabout50 lakesper year. Lakesaremonitoredfive timesperyear,

and dissolvedoxygenprofilesare includedin thesamplingprotocol. Otherdataderive

from theILCP andVLMP. TheIllinois EPA’s AquaticLife UseImpairmentIndex (ALl)

is theprimaryindicatorusedfor assessingthe level ofsupportofaquaticlife use. The

ALT integratesthemeantrophicstateindex (TSI; Carlson1977),macrophytecoverage,

andconcentrationofnonvolatilesuspendedsolids. ALT valuesincreasewith increasing

impairment(e.g.,highproductivity,high vegetationcoverage,high suspendedsolids).
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TheseALT valuesareusedto scoreeachlakefor overall usesupport. Theoverall use

scoresarethenaveragedfor a lakewhenmorethanonemeasurementis available.Low

dissolvedoxygenconcentrationis consideredasapotentialcauseof impairment(i.e.,

whenthemeanoverall usescoreis high) if (1) concentrationsbelowthe minimum

standard(5 mg/L at onefoot belowthesurface)occurat leastonceduringasampling

yearor(2) the lakemeanis consistentlybelowthis minimum. A fish kill corresponding

with low oxygenwould also qualify for designationof low oxygenasapotential causeof

useimpairment.

The2002IEPA WaterQuality (305b)reportsummarizedaquaticlife usesupportfor

Illinois streamsandlakesthroughSeptember2000. Of the15,491 miles ofstreamsthat

were assessed,5,450miles werecategorizedasbeingin partialorno supportoftheuse

designation.For 2,962miles ofthe impairedstreamreaches,low dissolvedoxygendue

to organicenrichmentwasimplicatedasapotentialcauseofimpairment. Of 148,134

acresoflakes(N=352 lakes),3,948acres(N=2 lakes)were categorizedasfailing to

supportoverall use. In addition,121,648acres(N=203 lakes)werein partialsupport.

Organicenrichmentleadingto low dissolvedoxygenwasimplicatedasacause

impairmentfor 80,135acres(N=59 lakes). Clearly, low dissolvedoxygen

concentrations,astheyarenow definedby thestatestandard,arean important

contributorto impairmentofdesignatedusein Illinois surfacewaters.
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AssessmentofIL waterqualitystandardandrecommendations

Basedon ourreviewofthe literatureandcurrentstandards,thecurrentIL EPA methods

for assessinghealthandimpairmentareadequate,but theTllinois dissolvedoxygen

standardsarein needoffurtherrefinement.In particular,thefocusonbiological integrity -

for initial assessmentoffreshwaterhabitathealthis theappropriate,progressiveapproach

andthestateshouldcontinueits focuson biotic integrity. However,thedissolvedoxygen

standards,basedon daily minima,arelikely too conservativefor freshwatersystemsin

this regionandshouldbemodified to morerealisticallyreflect local conditions. Tn this

document,weprovidestate-widerecommendations.However,with increasedscientific-

information,region-orbasin-specificstandardslikely will morerealisticallysetcriteria

baseduponexpectedconditionsin oxygen,otherwaterqualityparameters,andhabitat

characteristics.

Ourrecommendationsareto generallyadoptstandardsofChapman(1986)for

warmwatersystems,with somemodificationsbasedon researchthathasbeencompleted

sincethis documentwasproduced(seeTable4 for exampleofcalculations).Thirty-day

movingaveragesidentifiedin Chapman(1986)arenot includedin ourrecommendations

because(1) theyarenot appropriatefor earlylife history stagesin which development

occursat amuchshortertime scaleand(2) responsesofall life stagesto changesin

oxygenconcentrationsarelikely bettercapturedandmorebiologicallyrelevantduring

shorterwindowsoftime (i.e., 1-7 days).
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Ourrecommendationsfor theStateof Illinois areseasonalto (1) protectearlylife stages

(i.e., eggs,embryos,andlarvae;typically 30-dpostspawning)of spring-spawningfish

species(Table3) and(2) incorporatetheexpectedfluctuationsand reducedmaximum

capacityofdissolvedoxygenduringsummermonthswhenjuvenileoradult stagesare

largelypresent.Although few supportingdataareavailable,specieswith offspring -

producedduringnon-springmonths(Table3) likely haveadaptationsthatallow themto

persistundernaturaloxygenconcentrationsexpectedduring summer.Thus,our

recommendedcriteriafornon-springmonthsshouldbe sufficientlyprotectiveunless

furtherresearchnecessitatesrefinement. Ourrecommendationsaresummarizedin Table

5.

SpringthroughEarly Summer

• A 1-dayminimum of5.0mg/I. duringspringthroughearlysummer(i.e., March 1

throughJune30). Thisrecommendationis basedon our re-analysisofChapman

(l986)’sdaily minima (5 mg/L) for earlylife stagesoffish (Figure1) andspawning

timessummarizedin Table3.

• A 7-daymeanof6.0 mg/L duringspringthroughearlysummer(i.e., March 1 through

June30). This meanis definedastheaverageofthedaily averagevaluesandshould

bebased,wheneverpossible,ondatacollectedby semi-continuousdataloggers. If

this is notpossible,daily averagescanbeestimatedfrom the dailymaximumand

minimumvaluesif daily fluctuationsin dissolvedoxygenareapproximately

sinusoidal.Tf daily fluctuationsarenot sinusoidal,thenappropriatetime-weighted
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averagesmustbeused.Regardlessofmethod(dataloggersordaily maximumand

minimum),maximumvaluesusedto calculatemeansshouldnot exceedtheair

saturationconcentrationsforprevailingtemperatureandatmosphericpressure(see

Table4 for example). -

OtherMonths -

• A 1-dayminimumof3.5 mg/I.during theremainderoftheyear(i.e., July 1 through

February28 or29). This recommendationis basedonour re-evaluationofChapman

(1986)’sdaily minima(3 mg/L) for adult life stagesandfish spawningtimes -

summarizedin Table3. Tt alsois sufficientlyhigherthanthecritical minimafor

survival found for manycommonspeciesof fish (e.g.,seeTable 1).

• A 7-daymeanminimumof4.0 mg/I. duringperiodsduringtheremainderoftheyear

(i.e., July 1 throughFebruary28 or29). Meanminimumis definedastheaverageof

theminimumdailyrecordeddissolvedoxygenconcentrations.Seven-dayperiodscan

representanysevenconsecutivedaysand shouldbebasedon movingaverageswhen

possible(seeTable4). -

OtherConsiderations

• Manipulatabledischarges,definedearlierasthosein which dissolvedoxygen

concentrationsmaybemanipulatedandare generallyserially correlated,presenta

specialcasewhereaseven-daymeanminimumcanbe achievedwhile frequently

loweringconditionsto thedaily minimumandlikely exposingaquaticlife to oxygen
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stress(Chapman1986). As aresult, two areasin proximity to manipulatable

dischargesshouldbemonitoredclosely(e.g.,continuously). Onemeasurement

shouldbe takenatthezoneofmixing; theothermonitoringstationshouldbe

downstream,at anareabeyondthedirect influenceofthemixing zone. Duringthe

non-springmonthswhenseven—daymeanminimaareallowable(July through

February;Table5), werecommendthattheoccurrenceofdailyminimavaluesat-the

recommendedone-dayminimum(3.5mg/L) shouldbelimited to no morethan3

weekstotal peryearor thattheone-dayminimumbe increasedto 4.0mg/I. for areas

in which manipulatabledischargesoccur. Theseguidelineswill reducethelikelihood

of exposingaquaticlife influencedby manipulatabledischargesto oxygenstress.

• In caseswherediel fluctuationsofdissolvedoxygenareextreme,systemsmightmeet

meancriteriabut still violateminima. Unusuallylargediel fluctuationsare

symptomaticof eutrophicationandin thesecasestheminimashouldbethefocusof

monitoringand assessmentactivities.

• Althoughwerecommendtheuseofcontinuousmonitoringwith dataloggers,the

detectionof theviolation of daily minimavalueswill bemorelikely usingthis

method. Thus,thedetectionofviolationsof dailyminimausing relativelyinfrequent

spotchecksmaybe indicativeof largerproblemsthanthosemeasuredwith

continuousmonitoring. Thispotentialissueshouldbeacknowledgedduring

monitoringandassessment.
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• In streams,werecommendthatdissolvedoxygenmeasurementsbemeasuredin pool

orrunhabitats(not riffles) in thewatercolumnin or nearthethalwegat 67%of

streamdepth. Readingsin streamsshouldnotbe takenat thesediment/water

interface,asthis is a regionwherenaturaloxygensagsareexpected.We recognize

thatmanysensitivetaxaresidein thebenthosandmaybenegativelyaffectedby

hypoxiain thiszone. Thus,futurecriteriaincludingexpectedoxygenconcentrations

atthesediment/waterinterfacemaybeuseful. Researchthat quantifiesrelationships

betweenwater-columndissolvedoxygenconcentrationsandthoseat thesediment

boundarywouldbehelpful for determiningsuchstandards.Naturalinundationof -

potentiallyhypoxicgroundwateralsomustbe takenintoaccountwhenassessing

streamoxygen. In lakes,readingsshouldbetaken1 m below thesurfacein the

limnetic zoneabovethedeepestpoint ofthe lake.

• LakeMichiganrepresentstheonly large-scale,nativecoidwaterfisheriessystemin

Illinois andthusshouldbeconsideredseparatelyfrom ourrecommendationsin this

documentthat arefocusedon warmwatersystems.We recommendthat coldwater

andcoolwaterfisheriesassociatedwith LakeMichiganbeheldto standardsmore

appropriatefor residentfish communities,whichhavedistinctlyhigheroxygen

requirements(Chapman1986). ThecurrentTI. EPA recommendeddaily minimumof

5 mg/I. is adequatefor thecoldwaterandcoolwaterfishesin LakeMichigan(see

Chapman1986reviewoftoleranceof coldwaterspecies)unlessfurtherresearch

indicatesotherwise.
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• Wetlandsdiffer from lakesandstreamsin that theyareoftennaturallyproductive

systemswith low oxygen. Wetlandhabitatsareprotectedby numerouslawsand

otherprotectivemeasures,but thereis little informationregardingwaterquality

standardsforwetlands.Further,wetlandsarehighly variableandasingle, -

comprehensivestandardmaybedifficult to achieve. As such,wecannotmake -

recommendationsregardingwetlandsexceptthat theyshouldnotbeheldto the -

standardswe recommendfor streamsand lakes. Futureresearchonwaterqualityand

associatedmethodsandstandardsin Illinois shouldincludewetlands.

• It shouldbenotedthatthecriteriawe recommendfor streamsandlakesin Illinois

representworstcaseconditionsandthusthemimimum valuesthat we recommend,or

valuesnearthemimimum, shouldnot becommonplacein spaceor time throughout

thestate. Systemsin which dissolvedoxygenconcentrationsdeclinefrequentlyto the

recommendedminimashouldnotbe designatedasbeingin full supportofaquaticlife

use. Thefrequencyby which minimashouldbeallowedto occurshoulddependon

season.Duringspringwhenearlylife stagesarepresent,weeklyormorefrequent

declinesto daily 1 -d minimamaybe sufficient to causestressto developingeggs,

embryos,and larvae,compromisingsuccessofpopulationsthatreproduceover

relativelyshort timeperiods. Conversely,twiceweeklyormorefrequentdeclinesto

1-d minimamaybetoleratedby adultsduringothermonths. Giventhe dearthof

scientificinformationavailable,theseestimatescanonly bemadebasedon our

knowledgeofthetiming ofreproductiveeventsandshort-termresponsesofadultsto

hypoxia. Managersof aquaticsystemsin Tllinois shouldstrive to continuously
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improveconditionsratherthanavoidviolationsofstateminimum standards.As

mentionedearlier,this maybebestachievedby primarily monitoringthebiological

componentsofaquaticsystems(e.g.,biotic integrity). We stressthat focusingon

biotic integrityin monitoringandassessmentactivitiesshouldcontinueasa major

focusfor thestateof Illinois. Aquaticcommunitiesreflect theoverall healthof

aquaticecosystems,and canthus integrateall stressors.Waterqualitymonitoring

(e.g.,continuousdissolvedoxygenconcentrations)andhabitatassessmentis critical

for identifying thecauseof changesin biotic integrity. Furtherresearchon specific

relationshipsbetweenbiotic integrity, dissolvedoxygen,andotherwaterquality and

habitatfactorsis needed.

• Researchthat quantifiesrelationshipsbetweenbiotic integrity anddissolvedoxygen

concentrationsin Illinois streamswill allow for developmentofphysiologically

based,hypoxic indices(e.g.,SmaleandRabeni1995b),whichmayproveveryuseful

for theassessmentand monitoringof surfacewaterhabitatsin Tllinois. Laboratory-

basedestimatesofphysiologicaltoleranceof low dissolvedoxygenconcentrations

oftenfail to integratethehostofenvironmentalfactorsaffectinggrowth,survival,and

reproductiveviability. Thus,futureresearchshouldquantifyresponsesundermore

realisticconditions.

Gapsin ourknowledge

Dissolvedoxygencriteriaandotherstandardsfor assessingfreshwaterecosystemhealth

andfunctionshouldcontinueto evolveasmoreinformationon relationshipsbetween
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ecosystemhealthandthevarietyofmeasuredvariablesis gathered.Hence,all

recommendationsmadewithin this documentmustbeconsideredwithin thecontextof

ourcurrentknowledgeoftheserelationshipsandmayneedfurthermodificationasmore

informationbecomesavailable. Therearemanydifferentknowledgegapsandresearch

needsin Illinois, aswell asatthenationallevel. In particular,wefeel that further

researchon quantitativerelationshipsbetweendie! oxygencurves,nutrientstatus,and

primaryproductionwill providevery importantinformationfor furtherunderstanding

freshwaterecosystemhealthandfunctionandfurthermodifying waterquality standards.

In particular,researchthat directlyquantifiestheserelationships,ratherthancorrelational

analyseswill beofgreatvaluefor establishingrealisticwaterquality standards.Research

in this areashouldalsofocuson how die! oxygencurvesarerelatedto daily andlonger-

termminimaand averagevalues,andhowbiological (primaryproducercommunities)

andphysical-(nutrients,light, flow, substrates)factorsinteractto influencethem. A more

preciseunderstandingoftheserelationshipsin differenttypesofsurfacewaterhabitats

will greatlyenhanceourability to developmorepreciseandmeaningfulcriteria.

Thereis alsoa greatneedfor furtherresearchon theuseofbiological datafor assessing

freshwaterecosystemhealthandintegrity andestablishingwaterquality standards.

While dissolvedoxygencriteriamayaccuratelyreflectoxygenstressrelatedto nutrient

and/ororganicenrichment,biologicalmonitoringcanreflectoxygenstatusaswell asa

wide arrayofotherpotentialstressorssuchasotherformsofpollution (e.g., pesticides,

metals)andphysicalhabitatdegradation,andintegrateconditionsoverspaceandtime

(e.g.,SteingraeberandWiener1995,Rabeni2000, Griffith etal. 2001). Becauseofthis



43

andthemanyotherbenefitsofbiological monitoring(e.g.,seeLoeband Spacie1993,

Barbouret a!. 1999,andBarbouret al. 2000for reviewofthemanybenefitsofbiological

monitoring),andthenationalfocusonbiomonitoring,weultimatelyrecommendthat

Illinois movefurthertowardstheuseofbiological datafor assessingfreshwaterhabitat

healthandfunction andsettingwaterqualitycriteriain Illinois. In orderfor this to

happen,regionandhabitatspecific tolerancevalues,metrics,andmultimetric indicesthat

bestreflecthealthandfunctionwill needto be developed,tested,andcalibrated

throughoutthestate. Along with this, researchon regionandhabitatspecificreference

conditionswill beneeded.As with researchondissolvedoxygendynamics,researchthat

movesawayfrom only correlationalanalysesandfocusesmoreon isolatinganddirectly

testingvariableswill beofmostvalue. -
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Table1. Critical minimumdissolvedoxygenconcentrationsfor 35 speciesofcommon

headwaterstreamfishesdeterminedfrom laboratoryexperiments(SmaleandRabeni

1995b).

Critical minimumdissolvedoxygen
concentration(mg/L)

Species Rank Mean 95%CI
Brook silversides 1 1.59 1.70-1.48
Rosyfaceshiner 2 1.49 1.67-1.30
Ozarkminnow 3 1.45 1.57-1.33
Bleedingshiner 4 1.35 1.47-1.23
Smallmouthbass 5 1.19 1.29-1.08
Redfinshiner 6 1.17 1.25-1.08
Blackbullhead 7 1.13 1.27-1.00
Rainbowdarter 8 1.10 1.21-0.99
Hornyheadchub 9 1.06 1.20-0.92
Bluntnosemmnnow 10 1.04 1.11-0.97
Suckermouthminnow 11 1.04 1.09-0.98
Stripedshiner 12 1.03 1.10-0.95
Bigmouthshiner 13 1.02 1.07-0.97
Fantaildarter 14 0.98 1.06-0.91
White sucker 15 0.98 1.16-0.79
Commonshiner 16 0.97 1.06-0.89
Centralstoneroller 17 0.95 1.04-0.86
Sandshiner 18 0.93 1.11-0.75
Plainstopmmnnow 19 0.92 1.02-0.82
Redshiner 20 0.91 0.99-0.82
Blackspottedtopminnow 21 0.88 1.25-0.51
Blackstripetopmmnnow 22 0.88 0.90-0.85
Orangethroatdarter 23 0.86 0.98-0.73
Creekchub 24 0.84 0.90-0.79
Southernredbellydace 25 0.74 0.80-0.69
Fatheadminnow 26 0.73 0.79-0.67
Johnnydarter 27 0.70 0.76-0.64
Goldenshiner 28 0.70 0.75-0.65
Largemouthbass 29 0.70 0.77-0.63
Longearsunfish 30 0.68 0.74-0.63
Bluegill 31 0.66 0.74-0.57
Greensunfish 32 0.63 0.68-0.57
Orangespottedsunfish 33 0.62 0.68-0.56
Slendermadtom 34 0.60 0.67-0.54
Yellow bullhead 35 0.49 0.52-0.46
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Table2. USEPAwaterquality criteriafor ambientwatercolumndissolved
oxygenconcentrationfrom Chapman(1986). Early life stagesinclude all
embryonicandlarval stagesandjuvenilesto 30 dayspost-hatching.

Period/Value Early life stages Other stages

30daymean NA 5.5

7daymean 6.0 NA

7 day meanminimum NA 4.0

1 day minimum 5.0 3.0
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Table3. Summaryof spawningtemperaturesor timesfor commonwarmwaterfish taxa

(by genusor species)in Illinois. Summariesderivefrom Pflieger(1997)andB.M. Burr,

personalcommunication,DepartmentofZoology, SouthernIllinois University,

Carbondale.

Monthsor Temperaturesof -

Comnionname Genus/Species Spawning Season-of Spawning

Lampreys IchthyomyzonandLampetra MarchthroughMay Spring
Paddlefish Polyodonspathula April throughMay Spring

GoldeyeandMooneye Hiodon March throughApril Spring

Mudminnow Umbra limi April Spring
Pikes Esox MarchthroughApril Spring

Creekchub Semotilusatromaculatus April throughMay Spring

Hornyheadchub Nocomisbiguttatus April throughMay Spring
Stonerollers Campostoma 15°C Spring -

Redhorse Moxostoma April throughMay Spring

Hogsucker Hypenteliumnigricans April throughMay Spring

Sucker Catostomous MarchthroughMay Spring
Spottedsucker Minytreniamelanops April throughMay Spring

Chubsucker Erimyzon April throughMay Spring

Pirateperch Aphredoderussayanus May Spring
Sculpin Coitus March throughApril Spring

Temperatebass Morone April throughMay Spring

Rockbass Ambloplitesrupestris April throughMay Spring

Crappie Pomoxis April throughMay Spring
Walleye/Sauger Sander April Spring

Yellow perch Percaflavescens April throughMay Spring

Logperch Percinacaprodes April Spring

Darters Etheostoma MarchthroughMay Spring
Freshwaterdrum Aplodinotusgrunniens April throughMay Spring

Sturgeons AcipenserandScaphyrhynchus April through-June Spring-EarlySummer

Gar Lepisosteus April throughJune Spring-EarlySummer
Skipjackherring Alosachrysochloris April throughJune Spring-EarlySummer

Gizzard/threadfinshad Dorosoma April throughJune Spring-EarlySummer

Commoncarp Cyprinuscarpio MarchthroughJune Spring-EarlySummer

Goldenshiner Notemigonuscrysoleucas April throughJune Spring-EarlySummer
Dace Rhinic/zthys April throughJune Spring-EarlySummer

Silverjawminnow Ericymbabuccata MaythroughJune Spring-EarlySummer

Southernredbellydace Phoxinuserythrogaster MaythroughJune Spring-EarlySummer

Minnows Hybognathus MaythroughJune Spring-EarlySummer
Minnows Pimephales May throughJune Spring-EarlySummer

Buffalo Ictiobus April throughJune Spring-EarlySummer
Carpsuckers Carpiodes April throughJune Spring-EarlySummer

Catfish Ictalurus MaythroughJune Spring-EarlySummer
Madtoms Noturus MaythroughJune Spring-EarlySummer

Blackbass Micropterus MaythroughJune Spring-EarlySummer
OtherRercina Percina Varies- April throughJune Spring-EarlySummer
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Table3 continued.

Troutperch Percopsisomiscomaycus MarchthroughAugust Spring-Summer

Killifish Fundulus May throughAugust Spring-Summer
Mosquitofish Gambusiaaffinis May throughAugust Spring-Summer

Brook silverside Labidesthessicculus May throughAugust Spring-Summer

Sunfish Lepomis MaythroughAugust Spring-Summer
Chubs Hybopsis Summer Summer

Shiners Notropis MaythroughJuly Summer

Flatheadcatfish Pylodictusolivaris JunethroughJuly Summer
Darters Ammocrvvta Unknown Unknown
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Table4. Examplecalculationsfor 1 -d minimum,7-dmean,and7-dmeanminimum

dissolvedoxygenconcentrations(mg/I.; adaptedfrom Chapman1986). If only a

maximumandminimumdaily temperatureis available,a 7-daymeanis calculatedby

averagingthedaily means(maximumplusminimumdivided by two) andthenaveraging

acrosssevendays(seebelow). It wouldbemoredesirableto generateatime-weighted

daily averageofmultiple (or continuous)daily temperatures,including themaximum-and

minimum. -

Day Daily Max Daily Mm DailyMean

1 9.0 7.0 8.0

2 10.0 7.0 - 8.5

3 11.0 8.0 9.5

4 12.0* 8.0 95*

5 10.0 8.0 9.0

6 11.0 9.0 10.0

7 12.0* 10.0 - 10.5*

1 dayminimum 7.0

7 daymeanmm. 8.1

7daymean 9.3

*Maximum valueexceedsair saturationconcentrationof11 mg/I..
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Table5. Recommendedwaterquality criteriafor ambientwatercolumndissolved

oxygenconcentrationin Illinois surfacewaters(excludingtheGreatLakes,GreatLake

coolwatertributaries,andwetlands).

Period/Value Spring(March 1-June30) Non Spring (July 1-

February28 or29)

1-dminimum 5.0 3.5

7-dmean . 6.0 -

7-d meanminimum - 4.0


