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We believe that to make progresson this problem,it is crucial to cometo termswith several
issues. First, the true alundanceof a cohortis never measuredvithout error, and this mustbe
explicitly includedin themodel. Thatis, thedynamicsof populationatundancemustbeconsidered
in termsof parameters,e. true populationalundace that cannotbe obsered without error Cox
(1981) makes the useful distinction betweenmodelsdriven by obsenationsand prameterdriven
models; herewe restrict our attentionto the latter Second,populationdynamicsis inheriently
nonlinear andmodelsmustbe formulatedaccordingly Third, thereis not enoughdataon ary one
cohortto obtain accurateestimatesof density-dependemmnortality, and thus the resultsmustbe
combinedamongcohorts. Kiefer and Wolfowitz (1956) notedthat in estimationsituationswhere
the numberof parametersncreaseso infinity, maximumlikelihood parameteestimatesare not
consistentput by treatingparametersiscomingfrom a distribution—thatis, asrandomeffects—
consistercy could be obtained. This is the approachtaken here. Lastly, evenwith excellentdata,
it is rarethat definitive conclusionscan be reachedrom ary onedataset;i.e. it is necessaryo
combinedataacrossnary populations.

We usesimulationbasednetodgo obtainmaximumlik elihoodestiamtesor this problem(Mar-
iano, SchuermannandWeeks2000). A simulationbasedmethodis usedto evaluatethe integrals
thatoccurin the nonlinearrandomeffectspartof the model.

1 Introduction

2 At what life-history stage does density-dependent mortality occur ?

Much of fisheriegesearcltentersaroundHjort’s (1914)critial periodhypothesisvhich states'the
numericalvalue of a year classis apparentlystatedat a very early age,and continuesin approxi-
matelythe samerelationto thatof otheryearclasseshroughouthelife of theindividuals”.

Progresshasbeenlimited becausdhe questionhasnot beenformulatedin a mannerthatcan
be formally tested. This questionis primarily a statisticalquestionof he relatve importanceof
variationin mortality amongyearclasseat differentages.



We considera populationin which eachcohortis bornduringa very narrav time interval, and
the populationakbundanceis estimatedat discreteages,a, which correspondo regular suneys.
Theseassessmentreassumedo

It is usefulto divide mortality into threecomponents(1) the averagemortality independenbf
populationalundancey;, (2) the mortality relatedto the atudanceof a yearclassf;(Ny;), and(3)
the stochasticomponenbf mortlaity g;. It is usefulto examinethe alundanceof ayearclassy, at
differentagesa. We canwrite theabundanceat the endof time perioda as

Na = Nio @5 4= F(8y) 5,0

Notethateachof the mortality terms,e.g. ;, take placebetweerages — 1 andi.
We cannow statethe strongversionof the crictial periodhypothesisasfollows: TheageO to

acrit IS thecritical periodif
Acrit

ZlVar(syJ) < ) Var(gy)
i= i>acrit
and

fa(Nyya) ~ Olfa > acr|t

wherethevariancesrecalcualtecover yearclasses.
It will beusefulto statea weakversionof thehypothesisTheageO0 to a.j; is thecritical period

(weakversion)if
QAcrit

ZlVar(eyJ) < ) Var(gy)
i= i>agrit
and
fa(Nya) is anondecreasingunctionof Ny if a> acit

The weakversionof the hypothesiss neededbecausalensitydependenmortality will generally
changetherelative relationshipsamongsizesof cohortsevenif thereis no othervariaitonin mor
tality.

3 Thecentral issue

The centralissue,anddifficulty, is thatit is very difficult to estimatevariability in mortality rates.
By their very nature,mortality ratesrequirethe differencein atundancewhich will be mearsured
with error Thus,and methodto addresghe critical period hypothesismustrequiremethodsthat
take into accountthe estimationerror. To estiamtethe variability in mortality for differentages,s
simply beyoundthe capacityof moststudiesof populationdynamcis.

Mostbiologistdo not realizethe difficult in obtainingestimatine®of variances.

4 Example: Norway Spring Spawning Herring

It is usefulto examinethe longtermand shorttermdatafor the population. The longtermdatais
from theFig. 1 Thefollowing is apparentrom this data.



e Therewasa 2 orderof magnitudeof egg productionoverthe 1973to 1999period,whichwas
matchedby a similar increasen larval production(althoughthe recordwas over a shorter
time period).

e Thetrendin the 0+ andrecruitmentfrom the VPA is less,but the interannuablvariability is
greater

Aging errorswill reduceestimatedsariability in recruitmentandcauseautocrrelatiorfor catch-
at-ageanalysegBradford1991).
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1975 Figtirads Log transformediatafor spavaignbiamass)arval production,Norway shelf @+ gardrecruitmentfrom the
VPA for Norwegian springspavning herring.

Therecentacousticsurey datashavs a strongcorrelationamongyearclassefig. 2. Thefol-
lowing appeardo betruefrom thesesuneys.

¢ In the early ages(beforeage3) thereis muchwider variationin the numbersat agethanin
theolderyears.Thestrongyearclassesappeato be consistenamongyearclasses.

e This suggestslensitydependentortality.

e Thecorrelationamongthe surneys at agel andgreateris very high, the correlationwith the
olderageswith the 0+ suneys is lower, but still substantualandthe correlationwith theegg
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andlarval suneysis generallylow andvariable.

Thekey issuehereis thenis thefollowing: Is the ealyjuvenile stagethecritical period?We will
testboththe strongandweakhypotheses.
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VPA for Norwegian springspavning herring.

5 Other Issues

Herewe dealwith agesbeforethey aregreatlyimpactedby fishing. It may be thatthereis com-
pensationat older agesaswell. Thatis, thereis someevidencethat total mortality is relaitvely
constant.
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