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1 Summary

This reportsummarizesresultsandmethodsof estimatingthe variability in the
reproductiveparameters,in particularthemaximumreproductiverate(sometimes
calledthecompensationreserve),for anumberof fishspeciesfromameta-analytic
perspective.

We summarizethat variability in the maximumreproductive rateasthe dis-
tribution of “steepness”of thespawner recruitmentrelationship,which provides
informationon theaveragerateat which spawning fish canproducereplacement
spawnersat low populationsizesif no anthropogenicmortality occurred.To en-
surethatthestatisticalmethodsareasrobustaspossible,wehavepursuedparallel
modeldevelopmentusingdifferentbiologicalandstatisticalmodels,andindepen-
dentcomputationalapproaches.Thegoal is to provide accurateestimatesof the
maximumreproductive ratethat arerobust to reasonablevariationin biological
andstatisticalassumptions.

2 Intr oduction

ESSA’sobjectionsto theestimatesof compensationarewrong,andtotally incon-
sistentwith ESSA’s own useof suchanalysesin similar situations. The ESSA
reportcompletelyignoresextensive efforts to ensurethat compensationwasnot
overestimatedThe extensive analysisusedto supportthe estimatesof compen-
sationrepresentsan extensive researchthat hasrelieved on the most extensive
collection of observational data,experimentaldata,simulationresults,and de-
velopmentof statisticalmethodsthat hasever beenundertaken for this type of
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problem.This researchhasbeenpublishedin thepeerreviewedscientificlitera-
ture. Thesestepswerenecessarybecausetherearestatisticalprocessesthatmay
causethe estimatedof compensationto be overestimated,aswe werevery well
awareof (Walters1985;Walters1990;MyersandBarrowman1995).

Extraordinarystepsweretakento ensurethat theestimatesof steepnessused
in theSalemimpactassessmentarenotpositively biased.Thesestepswere:

� A conservative model wasusedin the analysiswhich always resultedin
reducedrecruitmentin thepowerplantkilled any fish or eggs.

� Themodelchosento estimatetheparametersof themodelproducedmore
conservativeestimates,i.e. lowersteepness,thanthealternatives.This was
a key methodusedto ensurethatwe did not overestimatecompensationin
theanalysis.

� We carriedout theestimatesfor thedistribution of steepnessby 3 different
methods,andchosetheapproachthatgavethemostconservativeestimates.

� Weeliminatedthelargestoutliersin theanalysis,eventhoughit wasa reli-
ableestimate.This reducedtheestimateof steepnessfor thebayanchovy
by approximately20%.

� The dataoften includesplant power plant mortality already(examplesof
stripedbass,shad,alewife, bluebackherring,andweakfish).

� Theresultswereverifiedwhenpossibleby comparingtheestimatesto those
obtainedfrom field experiments.

� Theresultswereverifiedwhenpossibleby anextensiveanalysisof research
survey data,in whichthepotentialproblemsof spawnerrecruitmentdatado
not occur(MyersandCadigan1993a;MyersandCadigan1993b)(This is
coveredin AppendixI of thesubmission).

� Resultsfrom someof thestockswerefor thesamespeciesastheRIS, and
werethesubjectof experiments.In thesecasesnoneof theobjectionsraised
by ESSAis evenremotelyrelevant.

Our resultshave now all beenreviewed andpublished(or acceptedto be pub-
lished)in thepeerreviewedscientificliterature.
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3 ESSA’sFour Concerns

3.1 Err ors in Estimate of SpawnerAbundance

ESSA contendsthat errorsin the estimateof spawner biomasswill causeseri-
ousoverestimationof the compensatoryreserve. However, (1) they provide no
quantiativeestimatesof thisclaim,(2) useanexamplesthatareirrelevant,and(3)
ignorethis potentialproblemin their own work.

Herewe examinethesethreepoints,andprovide quantitativeestimatesof the
extentof this typeof bias.

First, we provide backgroundon this issue. In fitting a regressionline using
ordinaryleastsquares,thestandardassumptionis that the independentvariable,
in this casespawnerabundance,is measuredwithouterror. Theindependentvari-
able,in this caserecruitment(or in factthelog(R/S)),

Remarkably, ESSAdiscusseswhat they view asa potentialproblemin terms
of the Cushingspawner-recruit function, which is essentiallya power function.
This functionwasnot usedat any point in theSalempermitapplicationbecause
it assumesthereis infinte compensatoryreserve. Sincethis modelwasnot used
in thepermitapplicationany discussionof possiblebiasin a modelthatwasnot
usedis, atbest,irrelevalent.

ESSA

3.2 Inherent difficulties in the interpretation of spawner re-
cruit data

ESSAclaimsthatspawnerrecruitmentdatacannotbeused(althoughthisconcern
doesnot apparentlyapplyto their own work, e.g. theColumbiaRivermodeling).
Theseconcernswere throughly addressedin the submission. We review them
here.

First, we did not rely only uponestimatesfrom spawnerrecruitmentdata. In
AppendixI, we throughlyreviewedmany typesof datathatverifiedgenerallyour
estimates.Theseincludeextensive analysisof researchsurvey data,field exper-
iments,andothertypesof data. In fact, a varietyof methodshave beenusedto
studyandverify compensationmechanisms,thesearereviewedin APPENDIX 3
of this report.

OneobjectionthatESSAhasis thattheremaybechangesin carryingcapacity;
however, this doesnot meanthatthesteepnesscannotbeestimated,becausethey
aretwo separateparameters.
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On page144of theESSAreport,it is claimedthat therearelargedistortions
in theestimatesof compensationused.However, ESSAapparentlydid not read
appaerntlyreador understandthe figure that they useasa basisfor their claim.
The figure in questionshowed two things: (1) that estimatesof compensation
from theRicker modelis alwayslessthanthoseobtainedby usingtheBeverton
Holt modeland(2) theestimatesobtainedfrom theBevertonHolt modelcanbe
“ill behaved”. This is exactly why the Ricker modelwasusedin the estimates.
ESSA’s apparentlycritisiesthepermitapplicationfor usinga techniquethatwas
notused.

3.3 Time seriesbias

Thebasisof ESSA’sclaimthatweoverestimatedsteppenessis thephenomenonof
“time-series”bias.This issuewasdealtwith throughlyin thesubmission,because
we hadpreviously carriedout the mostdetailedstudyof the phenomenonever
carriedoutMyersandBarrowman(1995).

Unfortunately, it is difficult to correct for time-seriesbias in practice. Al-
thoughthereare methodsto correctfor this bias for a very limited numberof
cases,i.e. for the Ricker modelwhereanimalsdie after reproduction(Walters
1990),simulationshave shown that thesedo not work well in practice(Korman,
Peterman,and Walters1995). This is why we usedthe approachesdescribed
abovewhichproducednegatively biasedestimates.

In theappendixof this report,we providequantitativeestimatesof thesource
of “time-seriesbias”. We found that 7 of the RIS species,the time-seriesbias
will generallybe positive, andon the orderof 10%. For the remainingspecies,
bay anchovy, we found that time-seriesbias,alongwith positive environmental
variationin survival, wouldprobablyleadto anunderestimateof compensation.

This relative small level of positive biaswill be more thancompensatedby
otheraspectsof themodeldescribedabove.

3.4 Lack of similarity with the RIS species

ESSAclaimsthat theremaybea lack of similarlity betweenRIS andthespecies
usedin the meta-analysis.ESSA’s critisismsaregrosslymisleadingfor 4 of the
the RIS species(Alewife, Americanshad,strippedbassand bluebackherring)
becausewe useddatafor thesespecies,therewasno lack of similarity with those
speciesasclaimedby ESSA.For anotherspecies,weakfish,we now have good
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estimatesof compensatoryreserve from a recentestimate.In this case,themeta-
analyticestimateswereveryconservative(seebelow). It is truethatthereexistsno
datato estimatecompensatoryreservefor bayanchovy, Atlantic croaker, spot,and
white bassESSA’s claim thatthedatausedto infer a prior for steepnessfor these
speciesmaynot be appropriate.However, all availabledataon compensationin
theworld thatcouldbeobtainedwasusedfor theanalysis,thus,it is unreasonable
to believe that the 4 RIS speciesfor which datadoesnot exist, lie completely
outsidetherangeof otherdata.

4 Recent Independent Analyses Demonstrate that
theMeta-analytic Estimatesof CompensationWere
Conservative

Sincethefilling of thesubmission,we have two new assessmentsof RIS species.
Theseassessmentsshow thatthevaluesweestimatewereconservative.

4.1 Striped Bass

For thestripedbass,thealphaincreasedfrom 19.4to 23.6with thenew data.This
shouldhavelesstime-seriesbiasbecausetheseriesarelongerThis translatesfrom
a z of 0.829to 0.855.Also, this numberhasall thepresentpower plantmortality
in it, sotheactualnumberis higher.

4.2 Weakfish

Theestimateof α̂ was29.6undertheRickermodeland101for theBevertonHolt
model.Thesteepnessfrom theRickermodelwas0.88.This is muchgreaterthan
themodalvalueof 0.83(checkthis)usedin theimpactassessment.

Theseresultsprovidestrongevidencethattheestimatesusedin thesubmission
areconservative,andunderestimatecompensation.
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5 A Conservative Model wasusedto AccessPower
Plant Impact

We usedtheBeverton-Holtmodelto accesspower plant impacts.In this model,
power plantmortality will alwayscausea reductionin spawnerabundance.This
is not trueof alternativemodels,e.g.theRickermodelthatESSAappearsto favor
or theShepherdspawnerrecruitmentmodel.If sucha modelwereusedto access
power plant impact,it would have generallysuggestedthat power plant impacts
wouldbemuchlessthanthemodelweused.

The useof the Ricker or Shepherdmodel would often result in a situation
wherepower plant mortality of young fish would increaseyield to the fishery.
While this is perfectlyfeasiblebiologically, we believed that it wasmuchmore
conservativeto assumeotherwiseunlessthereweregoodevidenceto thecontrary.

Thereis anothergoodreasonto usetheBeverton-Holtmodelinsteadof some
of the alternatives. For example,in the ESSAreport they refer to the Cushing
modelasanalternative. We believe thatthis would bea dangerousandirrespon-
sible modelto usein this situationbecauseit hasan infinite slopeat the origin,
i.e. it is impossibleto driveapopulationto extinction. Thisdoesnot happenwith
theBevertonHolt modelusingthemethodof estimatingweused(describedin the
next section).

Theuseof theBeverton-Holtcases,for all casesmakesour impactestimates
inherentlyconservative becausein many casestheRicker, modelfits better(AP-
PENDIX 2). In fact, thereis no statisticalreasonin generalto preferonemodel
over theother(APPENDIX 2), andthusby choosingthemoreconservative one,
wewill in generalbeunderestimatingpowerplantimpacts.

5.1 Our Estimatesof the Beverton-Holt CompensationParam-
eter areConservative

Sincewe usedtheBevertonHolt modelfor themodeldynamics,becauseit gave
conservativemodeldynamics,it wouldbereasonableto usethefit of theBeverton
Holt modelto estimatethemodelparameters.However, wechooseto useamuch
moreconservative approach.That is we estimatedtheα (theslopeat theorigin)
for theBevertonHolt modelfrom thefit of theRickermodel.Wedid this,because
it producesmuchmoreconservativeestimates,i.e. it producedlowerestimatesof
the compensationreserve. At the limit of low populationsize, the slopeat the
origin hasthesamemeaningfor both,but for thesamedata,thepoint estimates
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for theα for theBeverton-HoltmodelarealwaysgreaterthantheRicker (Fig. 1).
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Figure1: A comparisonof the slopeat the origin estimatedfrom the Ricker modelwith that
estimatedfrom the Beverton-Holt. In orderto spreadthe dataout, we have not standardizedthe
slopes:they arein the “raw” units in the database.Thecloudof arrows in the upperpart of the
figure representscaseswherethe slopeat the origin estimatedfrom the Beverton-Holtmodel is
effectively infinite. Thedottedline is theone-to-oneline.
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This is dueto two differentprocesses.First, it is possibleto estimate“infinite”
in theBeverton-Holtmodel,sothatmany estimatesof theslopeat theorigin will
beinfinity. Thatis, if K � 0, thenα � ∞ is aperfectlyfeasiblesolution.A second
reasonfor thepositivebiashasto dowith theextrapolationto theorigin. A simple
way to think aboutthis is to convert to log

� R
S � , andthink abouttheproblemasa

regressionon S. On this scale,theRickermodelis

log
R
S � logα � βS � (1)

sothat thelog of α is they-intercept,andtheRicker modelis a linearextrapola-
tion.

TheBeverton-Holtmodelmaybewrittenas

log
R
S � logα � log

�
1 � S

K �
	 (2)

Note that � log
�
1 � S

K � is a convex function of S, and the model will tend to
estimateahighery-intercept.

TheRickermodelhastheadvantagethattheestimatesalmostalwaysarecon-
sistentwith thebiologicalconstraintswhenplottedon thez scale.

This produceda muchlower estimateof thecompensationreserve, typically
by about50%for gooddata(Myers,Bowen,andBarrowman1999).

6 We carried out the estimatesfor the distrib ution
of steepnessby 3 differ ent methods,and chosethe
approachthat gavethemostconservativeestimates

In orderto makeourestimatesevenmoreconservative,weusedthreeapproaches
to estimatethedistribution of steepness(i.e. “priors”), andchoosethemostcon-
servative option. We developedthreealternative quantitative approachesfor ob-
taining estimatesof prior distributions: (1) priors baseduponinformationfrom
taxonomicallysimilar populations,(2) priors baseduponinformationfrom eco-
logically similar populations,and(3) priors inferredfrom a quantitative analysis
of life-history andenvironmentaldata.Overall,we foundthatoption(2) gave the
lowestestimatesoverall, andusedthesefor the impactassessment.This again
resultedin lowerestimatesof thecompensationparameters.
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7 We eliminated the largestoutliers in the analysis,
even though it wasa reliableestimate

As afurtherstepto ensuretheestimateswereconservative,weexaminedthedata
for outliersandeliminatedthemostimportantone. This datasethappenedto be
oneof themostreliabledatasetsin thewholedatabase,but weeliminatedbecause
it might not berepresentative (this datawasfrom thetheAyu from Lake Biwa in
Japan)reducedtheestimateof steepnessfor thebayanchovy by 20%.

8 The data often includesplant power plant mortal-
ity already, becausethis wasnot correctedfor, the
estimatesusedare conservative

Many of thedatasetsusedin theanalysisalreadyincludesignificantpowerplant
mortality, e.g.theassessmentof stripedbass,shad,alewife andbluebackherring.
We did not attemptto correctfor this power plant loss,thusthis againwill make
ourestimatesconservative.

9 The results were verified when possibleby com-
paring the estimatesto thoseobtained fr om field
experiments

In AppendixI of the submission,many examplesof field experimentsaregiven
that verify the estimatesusedin the impactassessment.This givesfurther evi-
dencethattheestimateswerereasonableandconservative.

10 The resultswereverified whenpossibleby an ex-
tensiveanalysisof research surveydata

ESSAclaimsthat thereareinherentproblemswith interpretationof spawner re-
cruitmentdata.However, weverifiedmany of ourestimatesfrom extensiveanaly-
sisof researchsurvey datain whichthepotentialproblemsof spawnerrecruitment
datado not occur(MyersandCadigan1993a;MyersandCadigan1993b)(This
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is coveredin AppendixI of thesubmission).Again,thisgivesmoreevidencethat
theestimateswerereasonable.

11 Many of the estimatessuffer fr om none of the
doubts raised by ESSA

Resultsfrom someof thestockswerefor thesamespeciesastheRIS,andwerethe
subjectof experiments.In thesecasesnoneof theobjectionsraisedby ESSAis
evenremotelyrelevant.This is particularlytrueof theestimatesfor shad,alewife,
and bluebackherring. In eachcase,we had situationswheretherewere very
large changesin abundance,oftensemi-experimentally, with excellentestimates
of spawner abundance,i.e. direct countsof spawnersgoing upstream.In these
cases,theallegationsmadeby ESSAaboutthedataarenotevenremotelyrelevant.

12 Summary

To bewritten.
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13 APPENDIX 1: (sendasa separatefile)

14 APPENDIX 2: The Ricker Model and Beverton-
Holt Models generally fit the data equally well,
but the Ricker Model GivensMuch Mor e Con-
servativeEstimates

14.1 TheBeverton-Holt and theRicker Modelsfit thedataequally
well

This analysiswill considerthe five most commonlyusedspawner-recruitment
models. Let R be recruitment,E

�
R � be the expectationof R, andS be spawner

abundance.Weconsiderthemodels:

Cushing E
�
R � � αSβ

Ricker E
�
R � � αSe � βS

Beverton-Holt E
�
R � �

αS
1 � �

S � K �
Shepherd E

�
R � �

αS
1 � �

S � K � γ

For the Ricker andBeverton-Holtmodels,the parameterα hasdimensions
of recruitmentper unit spawner abundanceandgives the slopeof the function
at S � 0. This parameteris crucial to settingthe limits of overfishing(?). Note
that this parametermust be positive. The “ShepherdFunction”, first proposed
by MaynardSmith andSlatkin (1973), is a generalizationof the Beverton-Holt
modeland is discussedin Bellows (1981). The parameterγ may be called the
“degreeof compensation”of themodel,sinceit controlsthedegreeto which the
(density-independent)numeratoris compensatedfor by the (density-dependent)
denominator(Shepherd1982).

A critical factor for the practicalselectionof a recruitmentmodel is its be-
haviour at low populationsizes,in particular, the slopeat the origin. We would
like any modelto behave in a reasonablemannerat low populationsizes.Using
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thiscriteriongivesaverystrongpreferencefor theuseof theRickeror Beverton-
Holt model. The Ricker modelalmostalwaysgivesa biologically plausiblees-
timateof theslopeat theorigin. TheBeverton-Holtoftendoes,althoughunrea-
sonableestimatesarenot uncommon(seenext section).TheCushingmodelwill
almostalwaysestimatean infinite slopeat the origin, with the rareexceptionof
a zeroslopeestimate.TheShepherdmodelhassimilar difficulties: if γ � 1, the
Beverton-Holtmodelis recovered;if γ 
 1, survival is estimatedto beinfinity as
S � 0; if γ � 1, thederivativeof survival asS � 0 will alwaysbezero.Therefore,
for γ � 1, the Shepherdmodelmay be unreliablefor theuseof extrapolationof
low populationsizes.

Theseargumentsgiveusa priori reasonsto prefertheRickeror Beverton-Holt
model.
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Figure2: Boxplotsof thedifferencein maximizedlog likelihoodsof theRicker andBeverton-
Holt modelsfor eachspecies.Positive differencesmeansthat thealternative to theRicker model
is superior. Theboxplotsshow the limits of themiddlehalf of thedata(thewhite line insidethe
box representsthemedian).Theupperquartileandlower quartileprovide theoutlineof thebox.
Whiskersaredrawn to thenearestvaluenot beyond1.5*(inter-quartilerange)from thequartiles;
pointsbeyondaredrawn individually asoutliers.Thenumbersin thepararenthesesarethenumber
of stocksusedin theanalysis.
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It would bevery usefulif onemodelconsistentfit andpredictedrecruitment
betterfor agiventaxonomicgroup(Fig.??). Unfortunately, this is rarelythecase;
for mostspeciesneithertheRicker nor theBeverton-Holtmodelsconsistentlyfit
thedatabetter(Fig. 6) or aresuperioratpredictingrecruitment(Fig 7). However,
therearespeciesarebettersuitedby aparticularmodel.For example,thepopula-
tionsof cohosalmonappearto favor theBeverton-Holtmodel,whereasfreshwater
brooktrout arefit betterby theRicker. Similar resultsarefoundwhenprediction
accuracy is considered(Fig. 7). Thefits andperditionaccuracy in figures6 and
7 arefor the modelsfit underthe gammaassumptionof recruitmentvariability.
Similar resultswereobtainedfor thefit underthelognormalassumption.
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Figure3: Boxplotsof the differencein root meansquaredpredictionaccuracy of the gamma
Ricker andgammaBeverton-Holtmodelsfor eachspecies.Seethelegendof Fig. 2 for anexpla-
nationof theboxplots.
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15 APPENDIX 3: Evidencefor CompensatoryMech-
anismsIn Fish Populations

In this appendixwe describesomeof the compensatorymechanismsthat cause
survival, growth, or fecundityto increaseat low abundance(seealso(Goodyear
1980),examplesof which arepresentedin Table1. We alsodescribehow they
arestudiedin practice. Increasedsurvival at low abundancehasbeenobserved
dueto a variety of mechanisms.Predatorsmay reproducemorerapidly, or mi-
grateinto anarea,whenprey areabundant(numericalresponse),or maybecome
conditionedto seekthemoreabundantprey (functionalresponse)(Hassell1978).
In many fish populations,cannibalismactsin a compensatorymannerbecause
thelargenumberof parentsfrom which largebroodsarisemayconstitutea large
poolof predators(MacCall1981).In additionto predation,parasites,diseaseand
limited foodavailability typically haveagreatersuppressiveeffectwhenthepop-
ulation is large thanwhenthepopulationis small. Parasitesanddiseaseusually
spreadmorerapidly whenpopulationdensityis high thanwhenit is low. At high
populationabundance,starvation may increasebecauseof competitionfor lim-
ited food resources(Nordeide,Fossa,Salvanes,andSmedstad1994). Many fish
speciesexhibit territorial behavior or have spatialrequirementsthat can leadto
density-dependentmortality (Elliott 1994)or emigrationto areasof low survival
(Crisp1993).

Althoughsuchterritorial behavior is associatedwith food utilization, it often
resultsin higherpredationmortalityandimmigrationaswell asdecreasedsomatic
growth for individualswithout territories.At higherpopulationsizes,competition
for foodnormallytranslatesinto slowergrowth and,in turn, into adelayin sexual
maturity anda decreasein the numberof eggsor offspring produced(LeCren,
Kipling, andMcCormack1972;Schoenherr1977;Jones1987). Becausegrowth
is indeterminatein fish, andageat sexual maturityandfecundityarevery elastic
parameters,fishcangeneratevery largecompensatoryresponsesthroughchanges
in growth and fecundity. Fastergrowing individuals also tend to reachsexual
maturity at an earlier ageand to producemore eggs per spawning than slower
growing fish. Both youngerageat maturationandincreasedeggsper spawning
resultin higherlife time egg production(Nikolsky, Bogdanov, andLapin 1973).
An increasedpercentageof sexually matureindividualsin the youngeragescan
causea significantincreasein reproductionbecausetheyoungeragegroupsusu-
ally consistof largenumbersof fish.

Dif ferent compensatoryfactorsoften interact. For example,slower growth
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causedby food scarcitymay leave a particularlife stageof a fish vulnerableto
predationfor a longerperiodof time andhenceresultin highermortality. Immi-
grationandemigrationact assafetyvalvesto reducenumbersat timesof peak
density, andto increasethemwhenenvironmentalresourcesareabundantrelative
to populationnumbers.Thestressof moreintensecompetitiondueto crowding
maycausebehavioral or physiologicalchangesin individualorganismsthatresult
in lowersurvival or lower reproductivecapacity.

Althoughcompensationaffectssurvival,growth, reproductionandmovement,
thegreatestfactoris almostalwayssurvivalduringearlyages.Wewill discussthis
in moredetail in laterchapters.
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Table 1 Examplesof compensatorymechanismsaffectingsurvival (S), growth (G), reproduction
(R), andmovement(M).

mechanisms
life-history habitat species study affects reference
stage

functional feedingresponseof predators
juv. pelagic,estuary bluefish field, exp. S Buckel andStoner(2000)
adult benthic clam lab. S Egglestonet al. (1992)

limited refugefr om predation
juv. demersal,ocean cod field S,G TupperandBoutilier (1995)
juv. demersal,estuary bluecrab exp. S Dittel et al. (1995)
juv. demersal cod lab S Lindholmet al. (1999)
juv. demersal plaice field S vanDerVeer(1986)
juv. pelagic,ocean pollock field, exp. Rangeley andKramer(1998)

cannibalism
juv. demersal tigershrimp lab S AbdussamadandThampy (1994)
adult-egg pelagic anchovy field S MacCall(1981)
juv. demersal cod field S Nordeideet al. (1994)
adult-egg demersal,estuarine stickleback field S Whoriskey andFitzGerald(1985)
juv. pelagic,lake smallmouthbass sim. model S DongandDeAngelis(1998)
larvae,juv. demersal,lake sharptoothcatfish lab S HechtandAppelbaum(1988)
juv cruciancarp field, exp. S Tonnetal. (1994)

parasitism
adult demersal,ocean Dungenesscrab field, theory S HobbsandBotsford(1989)

food limitation (general)
larvae pelagic plaice field S Shelbourne(1957)
larvae pelagic bloater field S,G Riceet al. (1987)
larvae pelagic,ocean general theory S,G ShepherdandCushing(1980)
postegg pelagic,lake vendace field G Auvinen(1995)
postegg pelagic,lake vendace field, exp. G Salojarvi(1991)
juv, adult demersal,ocean cod field G Millar andMyers(1990)
adult demersal,ponds commoncarp exp. G Lorenzen(1996)
fry streambed steelheadsalmon field, exp. G CloseandAnderson(1992)
juv. pelagic,pond walleye field, exp. G Fox andFlowers(1990)
juv pelagic,lake gizzardshad field G Buynaket al. (1992)
larvae streambed sealamprey field, exp. G Morman(1987)
larvae,juv. pelagic bayanchovy sim. model S,G Cowanet al. (1999)
juv. pelagic,lake smallmouthbass sim. model S,G DeAngeliset al. (1991)
juv. pelagic,lake gizzardshad field, exp. S,G DettmersandWahl (1999)
juv. pelagic,lake rainbow trout lab S,G Holm et al. (1990)
larvae pelagic,lake gizzardshad field S,G Michaletz(1997)
adult benthic slimy sculpin field G,R OwensandNoguchi(1998)
juv. stream creekchub field S,G,M Schlosser(1998)
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mechanisms
life-history habitat species study affects reference
stage

food limitation (territorial behaviour)
juv. streambed cohosalmon field S Sandercock(1991)
juv. demersal,ocean cod field S,G TupperandBoutilier (1995)
larvae pelagic,lake bluegill field S,G PartridgeandDeVries(1999)

territorial behaviour
juv. streambed brown trout field S,G,M Elliott (1990)

dispersal
fry streambed brown trout field, exp. S,M Crisp(1993)

competition for refugia
juv,adult pelagic,lake cisco field S,G,M Aku andTonn(1997)

suffocationcausedby crowding
eggs demersal herring field
larvae streambed pink salmon field S Heard(1978)

overtur ning of eggnests
adult-eggs streams pink salmon field S Heard(1991)

spawninginhibition
adult pelagic tilapia lab R CowardandBromage(1995)
adult pelagic,lake brown trout field R Elliott andHurley (1998)

sexdetermination
larvae streambed leastbrooklamprey field R DockerandBeamish(1994)

maturity
adult pelagic,lake brown trout field R Elliott andHurley (1998)

fecundity
adult pelagic,ocean orangeruffy field R Koslow etal. (1995)
adult pelagic,lake white crappie field R Mathuretal. (1979)
adult benthic slimy sculpin field G,R OwensandNoguchi(1998)
adult pelagic,ocean Atlantic herring field R Wintersetal. (1993)
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Table2. Latin namesof specieslistedin Table1.
Commonname Scientificname
Atlantic herring Clupea harengus harengus
Anchovy Engraulis sp.
Bay anchovy Anchoa mitchilli
Bloater Coregonus hoyi
Blue crab Callinectes sapidus
Bluefish Pomatomus saltatrix
Bluegill Lepomis macrochirus
Brown trout Salmo trutta
Cisco Coregonus artedi
Clam Macoma balthica
Cod Gadus morhua
Cohosalmon Oncorhynchus kisutch
Commoncarp Cyprinus carpio
Creekchub Semotilus atromaculatus
Cruciancarp Carassius carassius
Dungenesscrab Cancer magister
Gizzardshad Dorosoma cepedianum
Herring Clupea harengus
Leastbrooklamprey Lampetra aepyptera
Northernanchovy Engraulis mordax
Orangeruffy Hoplostethus atlanticus
Pinksalmon Oncorhynchus gorbuscha
Plaice Pleuronectes platessa
Pollock Pollachius virens
Sealamprey Petromyzon marinus
Sharptoothcatfish Clarias gariepinus
Slimy sculpin Cottus cognatus
Smallmouthbass Micropterus dolomieui
Sockeyesalmon Oncorhynchus nerka
Steelheadsalmon Oncorhynchus mykiss
Stickback Gasterosteus aculeatus
Tiger shrimp Pemaeus monodon
Tilapia Tilapia tholloni
Rainbow trout Oncorhynchus mykiss
Vendace Corgonus albula
Walleye Stizostedion vitreum
White crappie Pomoxis annularis
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