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We believe that to make progresson this problem,it is crucial to cometo termswith several
issues. First, the true abundanceof a cohort is never measuredwithout error, and this must be
explicitly includedin themodel.Thatis, thedynamicsof populationabundance,mustbeconsidered
in termsof parameters,i.e. truepopulationabundace,that cannotbeobserved without error. Cox
(1981)makes the usefuldistinctionbetweenmodelsdriven by observationsandprameterdriven
models;herewe restrict our attentionto the latter. Second,populationdynamicsis inheriently
nonlinear, andmodelsmustbeformulatedaccordingly. Third, thereis not enoughdataon any one
cohort to obtain accurateestimatesof density-dependentmortality, and thus the resultsmust be
combinedamongcohorts.Kiefer andWolfowitz (1956)notedthat in estimationsituationswhere
the numberof parametersincreasesto infinity, maximumlikelihood parameterestimatesarenot
consistent,but by treatingparametersascomingfrom a distribution—thatis, asrandomeffects—
consistency couldbeobtained.This is theapproachtaken here. Lastly, evenwith excellentdata,
it is rare that definitive conclusionscanbe reachedfrom any onedataset; i.e. it is necessaryto
combinedataacrossmany populations.

Weusesimulationbasedmetodsto obtainmaximumlikelihoodestiamtesfor thisproblem(Mar-
iano,Schuermann,andWeeks2000). A simulationbasedmethodis usedto evaluatethe integrals
thatoccurin thenonlinearrandomeffectspartof themodel.

1 Introduction

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

Much of fisheriesresearchcentersaroundHjort’s (1914)critial periodhypothesiswhichstates“the
numericalvalueof a yearclassis apparentlystatedat a very earlyage,andcontinuesin approxi-
matelythesamerelationto thatof otheryearclassesthroughoutthelife of theindividuals”.

Progresshasbeenlimited becausethe questionhasnot beenformulatedin a mannerthat can
be formally tested. This questionis primarily a statisticalquestionof he relative importanceof
variationin mortalityamongyearclassesatdifferentages.
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We considera populationin which eachcohortis bornduringa very narrow time interval, and
the populationabundanceis estimatedat discreteages,a, which correspondto regular surveys.
Theseassessmentsareassumedto

It is usefulto divide mortality into threecomponents:(1) theaveragemortality independentof
populationabundanceµi , (2) the mortality relatedto the abudanceof a yearclassfi

�
Ny� i � , and(3)

thestochasticcomponentof mortlaityεy� i . It is usefulto examinetheabundanceof ayearclass,y, at
differentages,a. Wecanwrite theabundanceat theendof timeperioda as

Ny� a � Ny� 0 exp
� a

∑
i � 1

� µi
� f

�
Ny� i � � εy� i ���

Notethateachof themortality terms,e.g.µi , take placebetweenagesi � 1 andi.
We cannow statethestrongversionof thecrictial periodhypothesisasfollows: Theage0 to

acrit is thecritical periodif
acrit

∑
i � 1

Var
�
εy� i �	� ∑

i 
 acrit

Var
�
εy� i �

and
fa
�
Ny� a ��� 0ifa 
 acrit

wherethevariancesarecalcualtedover yearclasses.
It will beusefulto stateaweakversionof thehypothesis:Theage0 to acrit is thecritical period

(weakversion)if
acrit

∑
i � 1

Var
�
εy� i �	� ∑

i 
 acrit

Var
�
εy� i �

and
fa
�
Ny� a � is anondecreasingfunctionof Ny� a if a 
 acrit

The weakversionof the hypothesisis neededbecausedensitydependentmortality will generally
changetherelative relationshipsamongsizesof cohortseven if thereis no othervariaitonin mor-
tality.

3 The central issue

Thecentralissue,anddifficulty, is that it is very difficult to estimatevariability in mortality rates.
By their very nature,mortality ratesrequirethedifferencein abundance,which will bemearsured
with error. Thus,andmethodto addressthe critical periodhypothesismustrequiremethodsthat
take into accounttheestimationerror. To estiamtethevariability in mortality for differentages,is
simplybeyoundthecapacityof moststudiesof populationdynamcis.

Most biologistdonot realizethedifficult in obtainingestimatinesof variances.

4 Example: Norway Spring Spawning Herring

It is useful to examinethe longtermandshorttermdatafor the population. The longtermdatais
from theFig. 1 Thefollowing is apparentfrom thisdata.
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� Therewasa2 orderof magnitudeof eggproductionover the1973to 1999period,whichwas
matchedby a similar increasein larval production(althoughthe recordwasover a shorter
time period).

� The trendin the 0+ andrecruitmentfrom the VPA is less,but the interannualvariability is
greater.

�
�

Aging errorswill reduceestimatedvariability in recruitmentandcauseautocrrelationfor catch-
at-ageanalyses(Bradford1991).
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psLABEL   /users/bioram/data/sr/data/raw/herring/s    postscript/plotpairslong.ps    Sat Jul  7 01:06:43 ADT 2001    plotpairslong()    

psLABEL   plotpairslong <- function()

Figure1: Log transformeddatafor spawnign biomass,larval production,Norway shelf0+, andrecruitmentfrom the
VPA for Norwegianspringspawning herring.

Therecentacousticsurvey datashows a strongcorrelationamongyearclassesFig. 2. The fol-
lowing appearsto betruefrom thesesurveys.

� In theearlyages(beforeage3) thereis muchwider variationin thenumbersat agethanin
theolderyears.Thestrongyearclassesappearto beconsistentamongyearclasses.

� This suggestsdensitydependentmortality.

� Thecorrelationamongthesurveys at age1 andgreateris very high, thecorrelationwith the
olderageswith the0+ surveys is lower, but still substantual,andthecorrelationwith theegg
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andlarval surveys is generallylow andvariable.

Thekey issuehereis thenis thefollowing: Is theealyjuvenilestagethecritical period?Wewill
testboththestrongandweakhypotheses.
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Figure2: Log transformeddatafor spawnign biomass,larval production,Norway shelf0+, andrecruitmentfrom the
VPA for Norwegianspringspawning herring.

5 Other Issues

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

Acknowledgments

References

Bradford,M. J.1991.Effectsof agingerrorsonrecruitmenttimeseriesestimatedfrom sequential
populationanalysis.Can.J.Fish.Aquat.Sci.48: 555–558.

6



Cox, D. R. 1981. Statisticalanalysisof time series: some recentdevelopments.Scand.J.
Statist. 8(2): 93–115.With discussionby GudmundurGudmundsson,Georg Lindgren,
LennartBondesson,Erik Harsaae,PetterLaake, KatarinaJuseliusandSteffen L. Lauritzen,
With a reply by theauthor.

Hjort, J. 1914.Fluctuationsin the greatfisheriesof NorthernEurope.Rapp.P.-v. Réun.Cons.
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