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Summary


Maturegreensturgeon,Acipenser medirostris,enterriversalongthewesterncoastof


NorthAmericainlatewintertolatespringandmigrateuprivertospawningsites.After


spawning,theymayleavetheriverorspendthesummerandautumnholdingindeep


poolsbeforedepartingfromtheriverwiththeonsetofwinterrains.Evidenceexists


thattheseasonalRedBluffDiversionDam(RBDD)wasanobstacletotheupriver


migrationofgreensturgeonintheSacramentoRiverinCentralCalifornia.Wecom-

paredthemigratorymovementsofgreensturgeonunderthreedifferentdamopera-

tion schedules, including post-decommissioning, to assess the impact of this


managementaction.Theproportionofgreensturgeoncarryingacoustictransmitters


thatmovedabovetheRBDDwashigherwhenthegateswereclosedonJune15,one


monthlaterthanthehistoricalclosuredateofMay15,andincreasedagainafterthe


damwasdecommissioned.Theapplicationofstatisticalanalyses(generalizedlinear


andadditivemixedmodels)tothedetectionrecordsofgreensturgeonhighlightedan


improvementinconnectivityafterdamdecommissioning.Thedataalsoindicatethat


interannualvariationinriverconditionisanimportantdriverofsturgeonpresenceon


thespawninggrounds.


1 |  INTRODUCTION


Green sturgeon, Acipenser medirostris, are only known to spawn in 

threeriversystemsalongthewesterncoastofNorthAmerica.Genetic 

evidenceindicatestwodistinctpopulationsexist:thesouthernpopu- 

lationoffishthatspawnintheSacramentoRiverwatershed,andthe 

northernpopulationoffishthatspawnintheRogueandKlamathriv- 

ers(Israel,Cordes,Blumberg,&May,2004).Thesouthernpopulation 

isprotectedasathreateneddistinctpopulationsegment(DPS)under 

theU.S.EndangeredSpeciesAct(NOAAFederalRegister,April2006). 

Freshwaterhabitatlossanddegradation,duetodams,temperatureal- 

terations,andhabitatsimplification,wasdeemedanimportantfactor 

inthepopulationdecline(Adamsetal.,2007).Maturegreensturgeon 

enterriversinlatewintertolatespringandmigrateuprivertospawn- 

ingsites(Benson,Turo,&McCovey,2007;Erickson&Webb,2007; 

Heublein,Kelly,Crocker,&Klimley,2009).Thepeakspawningsea- 

sonforsouthernDPSintheSacramentoRiveroccursbetweenearly 

Mayandmid-
June,withfavorablespawninghabitatoccurring
along


approximately120riverkilometers(rkm)ofthemainstem(Poytress,


Gruber,VanEenennaam,&Gard,2015).Afterspawning,adultsmay


leavefreshwaterorspendthesummerandautumnresidingindeep


poolsbeforedepartingfromtheriverwiththeonsetofwinterrains


(Benson etal., 2007; Erickson, North, Hightower, Weber, & Lauck,


2007;Heubleinetal.,2009).


In the Sacramento River, the Red Bluff Diversion Dam (RBDD)


hasbeenanobstacletothespawningmigrationsofgreensturgeon


(Heubleinetal.,2009).Thisgate-operateddiversiondamislocated


inthemainstemoftheriveratrkm479(measuredfromtheGolden


GateBridge)andwascompletedin1964tosupplywatertoirrigation


canals.Thegateswereclosedseasonallybetween15Mayandapprox
-

imately14Septembereachyearuntil2009,whengateswereclosed


amonthlateron15Junetoreduceimpactsonmigratorymovements


offishes,especiallygreensturgeon.Whengateswereclosedtheonly


opportunitiesforsturgeontopassthedamwerethroughafishladder
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designedforsalmonids(Mahmoud&Garcia,2000)orthroughanar-

rowgap(≤0.5m)betweenthefloodgatesandtheriverbottom.Green


sturgeonwereneverobservedswimmingupthefishladder,andthe


rapidaccelerationofwaterthroughthenarrowpassagebetweenthe


gatesandriverbottomislikelytohaveimpededup-rivermovement


(Brown,2007).Beginningin2012thedamwasdecommissionedwhen


apumpingplantwascompletedtodivertwatertotheirrigationcanals.


Throughthecollectionofgreensturgeoneggsandjuveniles,as


wellaspassiveandactivetelemetrymonitoringofadults,spawning


sites have been identified both upstream and downstream of the


RBDD (Brown, 2007; Heublein etal., 2009; Poytress etal., 2015;


Thomas etal., 2014). Manual tracking of tagged green sturgeon


showedthatduringthespawningseasonsomeindividualsexhibitfre-

quentmovementsovertensofkilometersbetweensuitablespawning


habitats(Thomasetal.,2014),similartobehaviorsobservedinother


closely related sturgeon species (Paragamian, Wakkinen, & Kruse,


2002).Thus,inadditiontoblockingaccesstoupstreamspawninghab-

itatforlate-migratingadultgreensturgeon,thediversiondamposeda


barriertonaturalmovementsbetweensuitablespawningsites,effec-

tivelyfragmentingthespawningpopulation.


ItisimportanttonotethatallsturgeonspeciesintheUnitedStates


haveexperiencedrangecontraction,resultingina22%reductionin


historical range across all species (Jager etal., 2016). While green


sturgeonfallonthelowerendofabsolutehabitatloss(~15%,Jager


etal.,2016)theassociatedbiologicalimpactcanstillbesignificant.


ThefragmentationofsouthernDPSgreensturgeonhabitatresulting


fromthepresenceoftheRBDD,occursatacruciallocation(withinthe


spawningreach)andatacrucialtime(withinthespawningseason).


Whilethepopulationeffectsassociatedwithsuchadisturbanceisnot


clearlyunderstood,theycouldbeassumedtobesignificant.


Effectivemanagementofmigratoryspecies,suchasgreenstur-

geon,dependsuponreliableinformationontheseasonalmovements


of individuals (Nelson etal., 2013). Acoustic telemetry techniques


areasuitablemeanstogatherthesedata,throughtheuseofeither


automated detection stations or manual tracking. The migratory


movementsofadultgreensturgeonintheSacramentoRiverwerere-

cordedwithautomatedstationsbothbelowandabovetheRBDD,to


assesstheimprovementinconnectivityresultingfromchangesinop-

erationoftheRBDD.Wecomparetheprobabilitiesofadultsturgeon


presenceinthreesegmentsofthespawningreachunderthethree


damoperationsschedules(closureMay15,closureJune15,andno


closure).Understandingtheindividualandpopulationleveleffectsof


managementactionsthroughouttherangeofgreensturgeoninthe


SacramentoRiverisnecessaryforassessingtheriskstothesouthern


DPS.


2 |  MATERIALS AND METHODS


2.1 | Automated monitoring


Since 2002, coded acoustic tags have been surgically implanted


in close to 350 adult green sturgeon along the western coast of


NorthAmerica(datainSQLdatabaseadministeredbyBiotelemetry


Laboratory, University of California, Davis; Table1). All tags were


madebyVemco(Bedford,NovaScotia,Canada),andimplantedinwild


caught sturgeon using appropriate field-based surgical techniques.


Equipment,capture,andsurgerymethodsvariedbyresearchprogram


(TableS1)anddetailsaboutspecificstudiescanbefoundinMoser


andLindley(2007),Kelly,Klimley,andCrocker(2007),Heubleinetal.


(2009),andThomasetal.(2013,2014).Inbrief,sturgeonweregener-

allycapturedbytrammelnetintheestuaryortheriver,andcarefully


broughttoeitheraboatortheshoreforsurgery.AVemcocoded


transmitter(V-16,variableprogramming,variabletaglife,TableS1)


wasimplantedintotheperitonealcavitythrougha2–4cmincision


madebetweenthethirdandfourthscute,approximately1–2cmoff


theventralline.Theincisionsitewasclosedwithinterruptedsutures.


Post-surgicalfishwerereleasedinthelocationofcapture.Weassume


thattaggedindividualswererepresentativeofthegreaterpopulation,


andthattageffectswereminororshort-livedanddidnotmeaning-

fullyaffectthebehaviorofthesturgeon.Allindividualscapturedand


Year Tagged (CA) 

Tagged (OR/ 

WA) Total tags a

Number (%)


detected in study 

reach 

Date of dam


closure


2003 0 1 1 – May15


2004 2 2 5 – May15


2005 12 4 21 – May15


2006 28 0 49 – May15


2007 0 0 45 7(16) May15


2008 10 0 39 14(37) May15


2009 29 0 40 38(97) June15


2010 19 0 59 28(48) June15


2011 29 8 96 25(26) June15


2012 13 1 110 27(25) NoClosure


2013 0 0 109 13(12) NoClosure


a2004–2006assumedtag-lifeof3years;after2007assumedtag-lifeof10years.


TABLE 1  Tagginghistoryofgreen


sturgeonusedinthisanalysis.Totaltags


aretabulatedasofDecember31ofagiven


year(intheSQLdatabasemaintainedby


theBiotelemetryLaboratory),assuming


tagslastedtenyears(withexceptionfor


3-yeartagdurationifimplanted2004–


2006).Studyreachwasupstreamofthe


rkm412(Hwy32Bridge)
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taggedthroughUCDaviswerehandledunderapprovalfromtheuni-

versity’sInstitutionalAnimalCareandUseCommittee.


Afterrelease,thoseindividualswhichmigrateduptheSacramento


RiverweredetectedbyVemcoVR2orVR2Wautomatedreceivers


placedthroughouttheriver(Figure1;TableS2).Receiverswerede-

ployedoncabledmooringsattachedtoshore.Themooringsconsisted


of30–40lbsofweightanddeploymentdistanceswere15–30mfrom


shore.Averticalcable,approximately1.5minlengthwasattached


totheweightedmooringandfloatedwithastandard12.7×30.5cm


PVCcrabfloatattachedattheendofthecable.Theacousticreceiv-

ersweremountedtotheverticalcableapproximately0.5mabove


theweights.Adetectionprobabilityanalysiswasconductedonthe


collecteddatatoevaluateourassumptionthattaggedfishhadequal


probabilitiesofdetectionthroughoutthespawningreach.Detections


recordedbythesereceiversbetween2007and2013wereanalyzedto


describemovementpastthedamsiteandquantifyannualchangesin


distributionthroughoutthespawningreachesoftheriver.


2.2 | Statistical analysis


Detectionsatautomatedreceiverswereusedtoquantifyhowmany


adult green sturgeon accessed spawning habitat above and below


theRBDDsiteundereachdamoperationschedule,andtoestimate


whenindividualstransitedpastthedamsite.Weclassifiedthespawn-

ingreachintothreesegments:alowersegment(49rkminlength)


fromjustbelowtheHwy32bridgenearHamiltonCity,California(rkm


410)toLosMolinos,California,amiddlesegment(20rkminlength)


fromLosMolinos,CaliforniatotheRBDD,andanuppersegment(39


rkminlength)fromRBDDtoJellysFerryRoadBridge.Thespawning


reachwasdividedintothreesegmentsinordertoidentifyseparate


reachesaboveandbelowRBDD,aswellasalowerreachthatincluded


knownaggregationsites(Poytressetal.,2015).Specificlocationsof


reachdelineationswereselectedtoensurethatthroughoutthestudy


eachsegmenthadbetweenfourandeightreceiverstationsacrossthe


entirestudyperiodtodetectthepresenceoftaggedgreensturgeon


(Figure1). Detection probabilities were evaluated using Cormack-


Jolly-Seberequationstoensuretherewasnosystematicbiasinde-

tectionacrossreachesandyears(AppendixS1).


Weusedtwoapproachestoevaluategreensturgeonmovement


onthespawninggrounds.First,weusedageneralizedlinearmixed


model(GLMM)toevaluatedifferencesintheproportionoftagged


individualspassingRBDDunderdifferentdamoperationschedules.


Eachindividualthatarrivedinthespawningreach(upstreamofrkm


410)from2007to2012wasassigneda“terminalsegment”,defined


as the segment containing the most upstream detection. We then


constructedabinomialGLMMwithalogitlink,usingthelme4pack-

age(Bates,Maechler,Bolker,&Walker,2015)intheRenvironment


(RCoreTeam,2016).Thebinomialresponsewaspositiveiftheter-

minalreachofaspawningmigrationwasaboveRBDD.Anidentifier


ofindividualsturgeonwasspecifiedasarandomeffecttocontrolfor


non-independenceofmultiplespawningrunsbythesameindividual.


Detectionyearwasnotincludedinthismodelduetoitscollinearity


with thedamoperationschedule, but the effect ofdetectionyear


wasevaluatedinaseparatemodel.Thesignificanceofdamoperation


scheduleanddetectionyearasindependentpredictorsofdamsite


passagewerecomparedusingAkaike’sinformationcriterion(AIC)to


quantifyimprovementoverthenullmodelequivalent.


Our second analysis assessed temporal changes in distribu-

tionofadultgreensturgeonthroughoutthespawningreachofthe


SacramentoRiver.Tostandardizedetectionsacrosstheyear,wese-

lectedonedetectionperweekforeachindividualfish,choosingthe


FIGURE 1  MapoftheSacramentoRiver,CA,showingthe


segmentationofthegreensturgeonspawningreachintotheupper,


middle,andlowersegmentsusedformodeling.TheRedBluff


DiversionDamislocatedatthedelineationbetweenthemiddle


anduppersegments.Autonomousreceiversareindicatedinthe


deploymentlocationsof2008
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last detection recorded in each seven-day window. This detection


wasassignedtooneofthethreepreviouslydefinedspawningreach


segments.Duetothenatureofthepassivedetectionarray,whilea


fishremainedatapointbetweenreceiversitsexactlocationcould


notberecorded.Thus,ifanindividualwasnotdetectedoverape-

riodofthreeorfewerweeks,butthepriorandsubsequentdetec-

tionswereinthesamespawningreachsegment,theindividualwas


assumedtohaveremainedwithinthatsegmentduringtheintervening


timeperiod.Additionally,mobilesurveyswereconductedbyboatin


twoyears(2011and2012)betweenRedding,CAandtheHwy32


bridge.Surveyslastedthreedays,andwererepeated10times(2011)


or11times(2012)eachseasonbetweenAprilandOctober.These


resultswereusedtoconfirmlocationsofindividualsholdingbetween


receiverstations,andwereintegratedinto thedetection recordto


augmentgapsbetweendetectionsatstationaryreceivers.


Adetectionhistorywasconstructedforeachfishindicatingweekly


movementintothespawningreach,holdingbehavior,transitamong


segmentsofthespawningreach,anddownstreammovementoutof


thespawningreach.Whenfishweretaggedwithinthespawningreach


thismovementhistorywasonlyconstructedforweeksaftercapture.


Ifafishdidnotcompleteitsdownstreammigrationintotheestuary


beforetheendofthecalendaryear,alldetectionsafterDecember31


wereremovedfromtheanalysissotonotconfoundupstreammove-

mentsofotherindividualsinthefollowinglate-winterorspring.From


thesedetectionhistorieswedevelopedabinomialgeneralizedadditive


mixedmodel(GAMM)foreachreachtodescribetheprobabilitythat


agivenfishwaspresentinthatreachduringeachweekoftheyear.


Modelshadalogitlinkfunctionandthinplatesplinesmoothers,with


asmootherfortheweekoftheyearastheprimaryexplanatoryvari-

able(Zuur,Leno,Walker,Saveliev,&Smith,2009).Wealsoconsidered


thedamoperationschedule,theinteractionoftheweekoftheyear


andthedamoperationschedule,andthedetectionyearaspossible


additionalexplanatoryvariables(Table2).Foreachreach,theresulting


suiteofpotentialmodelswereevaluatedusingAkaike’sinformation


criterion,correctedforsmallsamplesizes(AICc;Wood,2006)tose-

lectthemostappropriatecombinationoffixedexplanatoryeffects.


Detectionsfromallyearswerecombinedtoincreasethepowerofthe


analysis,whiletheidentifierforindividualfishwasusedasarandom


effectwithinthemodeltocontrolfornon-independenceofmultiple


spawningrunsbythesameindividual.Inthemodelselectionprocess,


wealsoexaminedtheexplanatorypowerofabinaryvariabletoindi-

cateifafishwastaggedinthespawningreaches.


AconservativeestimateofmodelfitforthefinalGAMMswasob-

tainedusingtheapproachsuggestedbyGilman,Chaloupka,Wiedoff,


andWillson(2014)becausetraditionalmeasuresoffitarenotavail-

ableforGAMManalyses.Wefirstcalculatedthepercentdeviance


explained(ameasureofgoodness-of-fit)ofanequivalentgeneralized


additivemodel(GAM)whichcontainedthesmoothedandfixedeffects


butnorandomeffects.WhentheAICcforaGAMMwashigherthan


theAICcofitscorrespondingGAM,thisindicatedthatincorporating


Model Model structure AICc ΔAICc Weight


GAM:


Deviance


explained (%)

Upperreach s(period)×operation 

schedule


995.3 0.0 0.999 27.9


s(period)+operation 

schedule


1009.7 14.4 0.001 24.6


s(period)+detection 

year


1011.1 15.8 0.000 27.1


s(period) 1012.3 17.0 0.000 23.6


Null 1552.2 556.9 0.000 0.0


Middlereach s(period)+detection 

year


1325.5 0.0 0.976 15.9


s(period)+operation 

schedule


1333.1 7.6 0.021 13.6


s(period) 1337.6 12.1 0.002 13.1


s(period)×operation 

schedule


1351.7 26.2 0.000 14.3


Null 1471.9 146.4 0.000 0.0


Lowerreach s(period)+detection 

year


2223.0 0.0 0.999 14.8


s(period)+operation 

schedule


2237.7 14.7 0.001 11.8


s(period)×operation 

schedule


2246.8 23.8 0.000 15.3


s(period) 2270.8 47.8 0.000 11.5


Null 2480.4 257.4 0.000 0.0


TABLE 2 ModelstructureandAICc


valuesforgeneralizedadditivemixed


models(GAMMs).Modelswereusedto


assessingtheinfluenceofdamoperation


schedule(seasonalgatesputintooperation


onMay15,June15,ornotoperated)on


thelocationofadultgreensturgeoninthe


spawningreachesoftheSacramentoRiver,


CA.Allmodelsalsoincludedtheindividual


tagidentifierasarandomeffect.AICc


valueswereusedtocomparemodel


structureswithineachreach,whilethe


devianceexplainedbyacorresponding


generalizedadditivemodel(GAM;no


mixedeffects)wasusedtocomparemodel


fitacrossreaches.Thedevianceexplained


byeachcorrespondingGAMprovidesa


conservativeestimateofthemodelfitfor


modelswithmixedeffects,ascurrent


statisticalresearchdoesnotsupporta


meansofdirectlyassessinggoodness-of-fit


forGAMMs
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mixed effects improved the model, and therefore the GAMM ex-

plainedatleastasmuchdevianceastheequivalentGAM.Thusthe


devianceexplainedbytheGAMservesasaconservativeestimateof


thefitofthecorrespondingGAMM(Gilmanetal.,2014).


3 |  RESULTS


Werecordedthepresenceof127greensturgeoninthespawning


reachoftheSacramentoRiver(i.e.aboverkm410),during152dis-

tinctspawningrunsbetween2007and2013.Thedetectionprobabil-

ityanalysisindicatedthattherewasnosystematicbiasindetection


across dam operation schedules (FigureS1). During each phase of


damoperationsadifferentnumberoftaggedfishwerepresentinthe


spawning reach (Table1). However, across years thedetection re-

cordsindicateasinglepeakintheabundanceofindividualsrecorded


onaweeklybasisabovetheRBDDduringtheperiodfromearlyMay


to the middle of June, indicating the likely peak spawning period


(Figure2).Manyoftheseindividualsdidnotexitthewatershedim-

mediatelyafterspawning,butremainedinthelowerreachfromJuly


throughDecemberandintothefollowingyear.


WhentheloweringofthegatesoftheRedBluffDiversionDam


wasdelayedfromthe15thofMay(annualclosuredatein2007and


2008)tothe15thofJune(annualclosuredatefrom2009to2011)


agreaternumberoftaggedgreensturgeonmigratedintothereach


above the dam. Prior to dam-reoperation (2007–2008) therewere


4taggedgreensturgeonthatmovedaboveRBDD,outof21total


taggedsturgeondetectedaboverkm410(19.0%).Afterthegateclo-

surewasdelayedbyonemonth(during2009–2011),therewere32


taggedgreensturgeonthatmovedaboveRBDD,outof91totalstur-

geondetectedaboverkm410(35.2%).Only23ofthese32fish(72%)


movedaboveRBDDbeforeMay15.Anadditionalnine(28%)moved


abovetheRBDDbetweenMay15thandJune15thduringthemonth-


longdelayindamclosure.Thestudyyearsafterdamoperationceased


(2012–2013)saw29taggedgreensturgeonmoveaboveRBDD,out


of40totalsturgeondetectedaboverkm410(72.5%).However,these


twoyearsexperiencedearlierarrivalsattheRBDDsite,withonlyone


of29fishpassingthesiteafterMay15th.Theoverallenhancedmove-

mentintotheupperreachisapparentfromexaminingtheproportion


oftaggedfishmigratingabovethedamversusthosethatremained


belowineachyearofthestudy(Figure3).


TheGLMManalysisusedtoassessthecorrelationbetweendam


operationscheduleandpassageabovetheRBDDsiteindicatedthat


thereweresignificantdifferencesbetweenoperationschedules.We


comparedanullmodelwiththeterminalsegmentasthebinomialre-

sponsevariableandonlyonerandomexplanatoryeffectofindividual


identifier(AIC=211.5),withasecondmodelincludingdamopera-

tionscheduleasafixedeffectaswellasarandomeffectofindividual


identifier.Inclusionofdamoperationscheduleimprovedthemodel


(AIC=193.3;ΔAIC=−18.2)supportingtheconclusionthatdamop-

erationschedulewasasignificantpredictoroftheterminalsegment


achieved during these individual migrations. Tukey HSD post-hoc


FIGURE 2 Annualvariationingreen 

sturgeonpresencewithinspawningreaches


oftheSacramentoRiver.Detectionsof127


greensturgeonwithimplantedacoustic


transmitterswererecordedbyautonomous


receivers.Ineachweek,detectionswere


assignedtosegmentsofthespawning 

reachbelowtheRBDD(lowerandmiddle) 

andabovetheRBDD(upper).Thenumber


ofdetectionsineachweekoftheyearwere


combinedacrossallsevenyears(a),and 

weregroupedaccordingtodamoperation


schedule(b),withoperationoftheseasonal


gatesbeginningonMay15during2007– 

2008(i),onJune15during2009–2011(ii),


andnotbeingoperatedduring2012–2013


(iii).Notetheincreaseintaggedsturgeon


presentinthesystemafter2009


0


20


40


60


80


M
a
rc

h

A
p
ri
l

M
a
y

J
u
n
e

J
u
ly

A
u
g
u
s
t

S
e
p
te

m
b
e
r

O
c
to

b
e
r

N
o
v
e
m

b
e
r

D
e
c
e
m

b
e
r

M
a
rc

h
A
p
ri
l

M
a
y

J
u
n
e

J
u
ly

A
u
g
u
s
t

S
e
p
te

m
b
e
r

O
c
to

b
e
r

N
o
v
e
m

b
e
r

D
e
c
e
m

b
e
r

M
a
rc

h
A
p
ri
l

M
a
y

J
u
n
e

J
u
ly

A
u
g
u
s
t

S
e
p
te

m
b
e
r

O
c
to

b
e
r

N
o
v
e
m

b
e
r

D
e
c
e
m

b
e
r

M
a
rc

h
A
p
ri
l

M
a
y

J
u
n
e

J
u
ly

A
u
g
u
s
t

S
e
p
te

m
b
e
r

O
c
to

b
e
r

N
o
v
e
m

b
e
r

D
e
c
e
m

b
e
r

N
u
m

b
e
r 
o
f 
s
u
tu

rg
e
o
n

Spawning reach

segment


Lower

Middle

Upper


i ii ii i


0


10


20


30


40


N
u
m

b
e
r 
o
f 
s
tu

rg
e
o
n

(a)


(b)




6  |    STEEL ET aL.


comparisons(“multcomp”package;Hothorn,Bretz,&Westfall,2008)


indicatethattherewasastatisticallysignificantdifferenceinupstream


passagewhenthedamwasnotoperatedatallversuswhenitwas


closedonMay15th(p=.004)oronJune15th(p=.003).Thiscanbe


visualizedinthemodelpredictionsoftheprobabilitythatataggedin-

dividualwouldmoveaboveRBDDundereachdamoperationschedule


(Figure4).However,asecondarymodelconstructedusingtheyearof


detectioninplaceofthedamoperationschedulehadstrongersupport


(AIC=182.8;ΔAIC=−28.7),suggestingthatinterannualvariationin


environmentalconditionsmaybeconfoundedwiththeeffectsofdam


operationforpredictinggreensturgeonpresenceinatleastsomeof


thespawningreachsegments.


TheGAMManalysesdetectedstrongeffectsoftheweekofthe


yearforallsegment-specificmodels(p<.001).Themodelssupported


thepatternseeninthetagdetections,identifyinglateMayandearly


JuneastheperiodwhentheupperreachoftheSacramentoRiveris


mostlikelytobeusedbyindividualsturgeon(Figure5).Themodelsalso


indicatedthatadultsarelikelytobepresentforalongerperiodoftime


inthemiddlereach(AprilthroughJuly)whilethereisahighprobability


throughoutthefallofdetectinganadultsturgeoninthelowerreach.


GAMManalysesalsoindicatedthedamoperationshadamea-

surableimpactonwithin-yearvariationinhabitatuse.BasedonAICc


(Wood,2006),inclusionofthedamoperationschedule(aseitheran


additiveoraninteractingeffect)improvedmodelfitforallreaches.


Intheupperreach,inclusionofthedamoperationscheduleasanin-

teractionwithweekoftheyearresultedinthemostheavilyweighted


model (weight=0.999; Table2). In contrast, the most heavily


weightedmodelforthemiddleandlowerreachesincludedanadditive


effectofdetectionyear(middlereach:weight=0.976,lowerreach:


weight=0.999). The second-best model for both the middle and


lowerreachesincludedanadditiveeffectofthedamoperationsched-

ule(middlereach:weight=0.021,lowerreach:weight=0.001).An


additionalrandomeffectwasalsoassessedwhichindicatedwhether


afishenteredthespawningreachwithatagorwastaggedwithin


thespawningreaches,butthiseffectremovedfromthefinalanalysis


becauseitprovidednosignificantimprovementtothemodel(eval-

uatedusingAICc,Zuuretal.,2009).Visualizingpredictionsfromthe


topweightedmodelsthatincludeddamoperationshowsthatwhen


thedamwasnolongeroperated,theprobabilityofsturgeonpresence


intheupperreachincreasedsubstantially(Figure5b),whiletheprob-

abilityofsturgeonpresenceinthemiddlereachdecreased(Figure5a).


Additionally,themodelsshowalongholdingperiodinthelowerreach


fromJulythroughSeptember(FigureS2).


4 |  DISCUSSION


The completion of the Red Bluff Diversion Dam (RBDD) in 1964


fragmentedthespawninghabitatavailabletogreensturgeoninthe


SacramentoRiver.Suitablehabitatappearstoexistbothaboveand


below thedamsite(Wyman etal.,2017), yet accesstotheupper


spawninggroundswaspreventedwhendamgateswereseasonally


closed. Additionally, adults of this species have been observed to


FIGURE 3 PassageaboveRedBluffDiversionDam(RBDD)site


duringthesevenyearsofstudy,shownasproportionofsturgeon


thatenteredthemiddlespawningsegment(20kmreachdownstream


ofdamsite).Thetotalnumberoftaggedsturgeondetectedin


eitherofthemiddleorupperspawningsegmentsinanygivenyear


areindicatedabovethebars.Seasonaldamoperationschedule


variedduringthestudy,withclosurebeginningonMay15during


2007–2008,onJune15during2009–2011,andnoclosureduring


2012–2013
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FIGURE 4 Predictionsfromthegeneralizedlinearmixedmodel


(GLMM)oftheprobabilityofanadultgreensturgeonpassingabove


theRedBluffdiversiondamsiteunderagivendamoperation


schedule.ThedamgateswereeitherclosedonMay15th(2007and


2008),onJune15th(2009to2011),ornotclosedatall(2012and


2013).Tukeypost-hoctestsindicatedthatthepredictedpassage


probabilitiesweresignificantlydifferentwhenthedamgateswere


notclosedversuswhentheywereclosedonMay15th(p=.004)


oronJune15th(p=.003).Predictionsareshownasboxplotsto


encompassvariationexplainedbytherandomeffectofindividual


includedinthemodel
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moveamongseveralsuitablespawningsitesduringaseason(Thomas


etal.,2014).Reductionoftheaccessto,andconnectivitybetween,


viablespawningareasmayhavenegativelyimpactedthegeneticdi-

versityofthepopulation.Insmallpopulations,suchasthesouthern


DPSofgreensturgeon,eventhelossofreproductionfromafewin-

dividualscanhavesignificantlong-termimplicationsforthepopula-

tion’sdemographicandgeneticresilience(Thomasetal.,2014).Thus


thereoperationanddecommissioningoftheRBDDhadthepotential


topositivelyimpactthisthreatenedsturgeonpopulation.


The telemetered movements of green sturgeon presented here


highlightanupstreammovementofthepopulationduringspringanda


downstreammovementofthepopulationduringthesummer,withsome


individualsremainingwithinlowerareasoftheriverduringthefalland


winter.Thisisconsistentwithinformationaboutgreensturgeonofthe


NorthernDPS(Bensonetal.,2007;Ericksonetal.,2007),andsmaller


scaletelemetryinformationavailablefortheSouthernDPS(Heublein


etal.,2009).Further,thesedatashowthatwhengateclosurewasde-

layeduntilJune15th,additionalindividualswereabletomoveupstream


pasttheRBDDsite.Thestatisticalmodelsindicatedthatmoreadultstur-

geonwereexpectedtotransitpastthedamsiteandtobepresentin


theuppermostsegmentofthespawninghabitat(aboveRBDD)afterthe


damwasdecommissioned.Additionally,sevenofthetelemeteredindi-

vidualswhoencounteredRBDDafteritsoperationschedulewasshifted


onemonthlaterwereobservedtomovepastthedamsiteonmultiple


occasions.Thereforewecanconcludethatthedelayindamgateclosure


andtheultimatedecommissioningofthedamhasenhancedmovement


intotheupperspawningreachesandconnectivityamongspawningsites.


Itisimportanttonotethatthisanalysisalsoindicatesasignificant


roleofinterannualvariationinenvironmentalconditions.AICccompar-

isonsoftheGLMMsindicatedthattheyearofthespawningmigration


wasabetterpredictorofpassageatthedamsitethandamoperation


schedule.TheGAMManalysisalsoindicatedthattheprobabilityofa


fishbeingpresentinthetwosegmentsofthespawningreachbelow


RBDDwaspredictedbetterbyaGAMMmodelwhichincludedtheyear


ofthespawningmigrationratherthanthedamoperationschedule.This


findingisconsistentwiththehypothesisthatdamoperationsareim-

portantinfosteringconnectivitytoupstreamspawninggrounds,while


environmentalvariationshouldbethepredominantdriverofsturgeon


presencebelowthedamsite.Thismayexplainthereducedmodelfit


fortheselowerreaches,astherearealmostcertainlyadditionalfactors


beyonddamoperationthatinfluencestheoverallmigratorybehavior.


Thetimingofspawningmigrationsisofteninfluencedbycuessuchas


watertemperatureorflowvariation(Bensonetal.,2007;Ericksonet


al.,2007;Erickson&Webb,2007;Fernandes,Zydlewski,Zydlewski,


Wippelhauser,&Kinnison,2010).Thesefactorsvarywithannualpre-

cipitation,snowpack,andupstreamdammanagement,andthusare


encompassedindetectionyearinthemodel.Futureworkshouldfocus


onevaluatingthespecificenvironmentalconditionsassociatedwith


abundanceandtimingofthegreensturgeonspawningmigration.


Finally,thesedataindicatethatthelowerspawninggroundsmay


provide important habitat during the post-spawn period in the fall,


asadultsturgeonaremostlikelytobefoundinthelowerreachfrom


AugustthroughDecember.Thissuggeststheremaybedifferenthab-

itatfeaturesinthisreachthatareattractiveforpost-spawnrecovery,


priortomigrationbacktotheocean.Becausegreensturgeonisaniter-

oparousspecies,long-termconservationofthispopulationwouldben-

efitfromprotectionorrestorationofhabitatusedbypost-spawnadults


aswellashabitatusedforspawning.Futureworkshouldassessthe


spatialandtemporalextentofriverinehabitatuseinthefallandwinter,


andshouldidentifycharacteristicsofhigh-qualitypost-spawnhabitats.


Theconstructionofdamsonthemainstemandtributariesofthe


SacramentoRiverhasreducedthespawninghabitatavailabletogreen


sturgeon.Wepresentedempiricalobservationswithstatisticalsup-

portthatshowedthedelayinRBDDgate-closureandultimatedecom-

missioningsuccessfullyenhancedaccesstosuitablespawninghabitat


abovethedam.Wealsonotethattheremaybeimportanteffectsof


inter-annual environmental variation in migration timing and habi-

tatuse.Weexpectthatincreasedconnectivitywillfosterincreased


FIGURE 5 Predictionsfromgeneralizedadditivemixedmodelsshowingprobabilitiesofgreensturgeonpresenceinthespawningreaches,


dependentuponoperationscheduleofthegatesontheRedBluffDiversionDam.Datawerecollectedfrom127acousticallytaggedadult


greensturgeon.Theimpactofdamoperationwaslesspronouncedinthemiddlesegmentdownstreamofthedamsite(a)whileitwasmore


pronouncedintheuppersegmentupstreamofthedamsite(b).Predictedprobabilitiesaredisplayedforthreegateoperationschedulesforeach


spawningsegment:gatesinplaceonMay15th(2007and2008),gatesinplaceonJune15th(2009to2011),andnogatesinplace(2012and


2013).Predictionscomefromthebestmodel(basedonAICc)constructedindependentlyforeachsegmentofthespawningreach,constrained


toincludedamoperationschedule.Inthemiddlereach,thismodelincludedweekoftheyearanddamoperationschedule,whileintheupper


reachthismodelincludedaninteractionbetweenweekoftheyearanddamoperationschedule.Correspondingpredictionsforthelowerreach


canbefoundinAppendixS1.
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spawning success, greater genetic diversity, and ultimately a more


robustpopulationofsouthernDPSgreensturgeon.
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