


1.1.THEPROBLEMS

Thetopicswhichcanbeconsideredasbiologicalstatisticsofafishpopulation
includethefollowing:

I.Theabundanceofthepopulation,usuallysomewhatrestrictedastoage
orsIze.

2.Thetotalmortalityrateatsuccessiveages,orevenwithineachyear.

3.Thefractionofthetotalmortalityascribabletoeachofseveralcauses.Itis
possibleattimestodistinguish(a)deathscausedbyfishing,(b)deathscaused
bypredationotherthanhuman,(c)deathsfromdisease,parasites,orsenility;
(b)and(c)togethercomprise"natural"mortality.

4.Therateofgrowthoftheindividualfish.Inhumanpopulationstherateof
growthofindividualsisnotgenerallyregardedasavitalstatistic.However
growthrateamongfishesismuchmorevariablethaninman,anditmaybe
eve.nmoresensitivethanmortalitytochangesinabundanceandtoenviron-
mentalvariability.

5.Therateofreproduction,particularlyasitisrelatedtostockdensity.

6.Theoverallrateofsurplusproductionofastock,whichistheresultantof
growthplusrecruitmentlessnaturalmortality.

Historically,ageandrateofgrowthwerethefirstofthesesubjectstoreceive
wide~lttention,possiblybecausetheyrequirelessextensivefieldwork.Mostofthe
methodsnowinuseforestimatinggrowthratehadbeenevolvedby1910,andtheir
potentialsourcesoferrorhavereceivedcloseconsideration.

Thedevelopmentofproceduresforestimatingpopulationsizeandsurvival
ratestartedearlybutprogressedmuchmoreslowly.Inthepast25yearstherehas
beenmuchactivityalongtheoreticallines,andnumerousnewapplications.An
investigatornowhasanumberofmethodsfromwhichtochooseonebestsuitedto
thepopulationheisstudying,andhecanincreasinglyuseonemethodtocheck
another.

Atfirstthestudyofreproductionor"year-classstrength"wasconsideredmainly
inrelationtoenvironmentalfactors,butitsrelationtostockdensityhasattracted
muchattentioninrecentyears.

Finally,theowrallproductionofafishstock,inrelationtodensityandtorate
offishing,hasinterestedanumberofauthorssincethemiddle1920s,andthereis
nowaconsiderablebodyofinformationandacorrespondingmethodology.



1.2.DEFINITIONS,USAGES,ANDGLOSSARY

Thelistbelowincludesonlyapartofthevariedterminologywhichhasbeenused
infishpopulationanalysis.Moreextendeddescriptionsofsometermsaregivenin
latersections.Ifaspecialsymbolisassociatedwithaterm,itisshowninparentheses.
Termsmarkedwithanasteriskarenotusedinthisbook,atanyratenotinacontext
wherestrictdefinitioniscalledfor.

ABSOLUTERECRUITMENT:Thenumberoffishwhichgrowintothecatchablesize
rangeinaunitoftime(usuallyayear).

AGE:Thenumberofyearsoflifecompleted,hereindicatedbyanarabicnumeral,
followedbyaplussignifthereisanypossibilityofambiguity(age5,age5+)1.

ANNUAL(orseasonal)GROWTHRATE(h):Theincreaseinweightofafishperyear(or
season),dividedbytheinitialweight.

ANNUAL(orseasonal)TOTALMORTALITYRATE(A):Thenumberoffishwhichdie
duringayear(orseason),dividedbytheinitialnumber.Alsocalled:actual
mortalityrate,*coefficientofmortality(Heincke).

AVAILABILITY:I.(r):Thefractionofafishpopulationwhichlivesinregionswhere
itissusceptibletofishingduringagivenfishingseason(Marr1951).Thisfrac-
tionreceivesrecruitsfromorbecomesmingledwiththenon-availablepartof
thestockatotherseasons,orinotheryears.(Anymoreorlesscompletelyiso-
latedsegmentofthepopulationisbesttreatedasaseparatestock.)

2.(ClforYIf):Catchperunitofeffort.

BIOMASS(B):Theweightofafishstock,orofsomedefinedportionofit.

CATCHABILITY(q):Thefractionofafishstockwhichiscaughtbyadefinedunitof
thefishingeffort.Whentheunitissmallenoughthatitcatchesonlyasmallpart
ofthestock-0.0Iorless-itcanbeusedasaninstantaneousrateincomput-
ingpopulationchange.(Forfractionstakenofvariousportionsofthestock,see
"vulnerability.")Alsocalled:catchabilitycoefficient,*forceoffishingmortality
(Fry1949,p.24;inhisAppendix,however,Frydefinestheforceoffishing
mortalityasequivalenttoourrateoffishing,F).

CATCHCURVE:Agraphofthelogarithmofnumberoffishtakenatsuccessiveages
orsizes.

CATCHPERUNITOFEFFORT(ClforYIf):Thecatchoffish,innumbersorinweight,
takenbyadefinedunitoffishingeffort.Alsocalled:catchpereffort,fishing
success,availability(2).

CONDITIONALFISHINGMORTALITYRATE(m):Thefractionofaninitialstockwhich
wouldbecaughtduringtheyear(orseason)ifnoothercausesofmortality

1\Vhiletheaboveisrecommended,otherusagesexist.Romannumeralsarefrequentlyusedin
NorthAmerica,buttheircumbersomenessseemstooutweighanyadvantage.Somehaveusedeither
romanorarabicnumeralstoindicateyearoflife,ratherthanyearscompleted.Foranadromous
fishesboththeactualageandtheageatseawardmigrationarefrequentlyindicated.Severalconven-
tionsareemployedforthispurpose,anditseemsnecessarytospecifyeachtimewhichoneisbeing
used.



operated(=1-e-
F
).Alsocalled:annualfishingmortalityrate,seasonalfishing

mortalityrate.

CONDITIONALNATURALMORTALITYRATE(n):Thefractionofaninitialstockthat
woulddiefromcausesotherthanfishingduringayear(orseason),iftherewere
nofishingmortality(=1-e-

M
).Alsocalled:annualnaturalmortalityrate,

seasonalnaturalmortalityrate.

CRITICALSIZE:Theaveragesizeofthefishinayear-classatthetimewhentheinstan-
taneousrateofnaturalmortalityequalstheinstantaneousrateofgrowthin
weightfortheyear-classasawhole.Alsocalled:*optimumsize.

EFFECTIVEFISHINGEFFORT(Fjq):Fishingeffortadjusted,whennecessary,sothateach
increaseintheadjustedunitcausesaproportionalincreaseininstantaneousrate
offishing.

EFFECTIVENESSOFFISHING:Ageneraltermreferringtothepercentageremovaloffish
fromastock,butnotasspecificallydefinedaseitherrateofexploitationor
instantaneousrateoffishing.

EQUILIBRIUMCATCH(CE):Thecatch(innumbers)takenfromafishstockwhenitis
inequilibriumwithfishingofagivenintensity,and(apartfromtheeffectsof
environmentalvariation)itsabundanceisnotchangingfromoneyeartothenext.

EQUILIBRIUMYIELD(YE):Theyieldinweighttakenfromafishstockwhenitisin
equilibriumwithfishingofagivenintensity,and(apartfromeffectsofenviron-
mentalvariation)itsbiomassisnotchangingfromoneyeartothenext.Also
called:sustainableyield,equivalentsustainableyield.(SeealsoSURPLUSPRO-
DUCTION.)

EXPLOITATIONRATIO(E):Theratiooffishcaughttototalmortality(=FjZwhen
fishingandnaturalmortalitytakeplaceconcurrently).Alsocalled:*rateof
exploitation.

FISHSTOCK:SeeSTOCK.

FISHINGEFFORT(f):I.Thetotalfishinggearinuseforaspecifiedperiodoftime.When
twoormorekindsofgearareused,theymustbeadjustedtosomestandardtype
(seeSection1.7).

2.Effectivefishingeffort.

*FISHINGINTENSITY:I.Effectivefishingeffort.
2.Fishingeffortperunitarea(BevertonandHolt).
3.Effectivenessoffishing.

*FISHINGPOWER(ofaboat,orofafishinggear):Therelativevulnerabilityofthestock
todifferentboatsorgears.Usuallydeterminedasthecatchtakenbythegiven
apparatus,dividedbythecatchofastandardapparatusfishingatnearlythe
sametimeandplace.

FISHINGSUCCESS:Catchperunitofeffort.

INSTANTANEOUSRATES(ingeneral):SeeSection1.4.Alsocalled:logarithmic,expo-
nential,orcompound-interestrates.



INSTANTANEOUSRATEOFFISHINGMORTALITY(F):Whenfishingandnaturalmortality
actconcurrently,Fisequaltotheinstantaneoustotalmortalityrate,multiplied
bytheratiooffishingdeathstoalldeaths.Alsocalled:rateoffishing;instan-
taneousrateoffishing;*forceoffishingmortality(seeunderCATCHABILITY).

INSTANTANEOUSRATEOFGROWTH(G):Thenaturallogarithmoftheratiooffinal
weighttoinitialweightofafishinaunitoftime,usuallyayear.Whenapplied
collectivelytoallfishofagivenageinastock,thepossibilityofselectivemortality
mustbeconsidered(Section9.4).

INSTANTANEOUSRATEOFMORTALITY(Z):Thenaturallogarithm(withsignchanged)
ofthesurvivalrate.Theratioofnumberofdeathsperunitoftimetopopulation
abundanceduringthattime,ifalldeceasedfishweretobeimmediatelyreplaced
sothatpopulationdoesnotchange.Alsocalled:*coefficientofdecrease(Bara-
nov).

INSTANTANEOUSRATEOFNATURALMORTALITY(M):Whennaturalandfishingmortality
operateconcurrentlyitisequaltotheinstantaneoustotalmortalityrate,multi-
pliedbytheratioofnaturaldeathstoalldeaths.Alsocalled:*forceofnatural
mortality(Fry).

INSTANTANEOUSRATEOFRECRUITMENT(z):Numberoffishthatgrowtocatchable
sizepershortintervaloftime,dividedbythenumberofcatchablefishalready
presentatthattime.Usuallygivenonayearlybasis:thatis,thefigurejust
describedisdividedbythefractionofayearrepresentedbythe"shortinterval"
inquestion.Thisconceptisusedprincipallywhenthesizeofthevulnerablestock
isnotchangingorischangingonlyslowly,sinceamongfishesrecruitmentisnot
usuallyassociatedwithstocksizeinthedirectwayinwhichmortalityandgrowth
are.

INSTANTANEOUSRATEOFSURPLUSPRODUCTION:Equaltorateofgrowthplusrateof
recruitmentlessrateofnaturalmortality-allintermsofweightandonan
instantaneousbasis.Ina"balanced"orequilibriumfishery,thisincrement
replaceswhatisremovedbyfishing,andrateofsurplusproductionisnumerically
equaltorateoffishing.Alsocalled:*instantaneousrateofnaturalincrease
(Schaefer).

MAINTAINABLEYIELD:"Thelargestcatchthatcanbemaintainedfromthepopulation,
atwhateverlevelofstocksize,overanindefiniteperiod.Itwillbeidenticaltothe
sustainableyieldforpopulationsbelowthelevelgivingtheMSY,andequalto
theMSYforpopulationsatorabovethislevel"(Gulland).

MAXIMUMEQUILIBRIUMCATCH(seeMAXIMUMSUSTAINABLEYIELD).

MAXIMUMSUSTAINABLEYIELD(MSYORYs):Thelargestaveragecatchoryieldthatcan
continuouslybetakenfromastockunderexistingenvironmentalconditions.
(Forspecieswithfluctuatingrecruitment,themaximummightbeobtainedby
takingfewerfishinsomeyearsthaninothers.)Alsocalled:maximumequilibrium
catch(MEC);maximumsustainedyield;sustainablecatch.

*MECIIANICALINTENSITYOFfiSHING:Fishingeffort(1).



NATURALMORTALITY:Deathsfromallcausesexceptman'sfishing,includingpreda-
tion,senility,epidemics,pollution,etc.

NETINCREASE(ORDECREASE):Newbodysubstanceelaboratedinastock,lessthe
lossfromallformsofmortality.

PARAMETER:A"constant"ornumericaldescriptionofsomepropertyofapopulation
(whichmayberealorimaginary).Cf.statistic.

PIECES:Individualitems,asintheexpression"twodollarsapiece"(GermanStuck).
Individualfish.

PRODUCTION:1.(senseofIvlev).Thetotalelaborationofnewbodysubstanceina
stockinaunitoftime,irrespectiveofwhetherornotitsurvivestotheendof
thattime.Alsocalled:*netproduction(Clarkeetal.1946);*totalproduction.

2.*Yield.

RATEOFEXPLOITATION(u):Thefraction,bynumber,ofthefishinapopulationata
giventime,whichiscaughtandkilledbymanduringtheyearimmediatelyfollow-
ing(=FAjZwhenfishingandnaturalmortalityareconcurrent).Thetermmay
alsobeappliedtoseparatepartsofthestockdistinguishedbysize,sex,etc.(See
also"rateofutilization.")Alsocalled:*fishingcoefficient(Heincke).

RATEOFFISHING(F):INSTANTANEOUSRATEOFFISHINGMORTALITY.

*RATEOFNATURALINCREASE:INSTANTANEOUSRATEOFSURPLUSPRODUCTION.

RATEOFREMOVAL:Aninexactly-definedtermthatcanmeaneitherrateofexploita-
tionorrateoffishing-dependingonthecontext(seeSection1.4.3).

RATEOFUTILIZATION:Similartorateofexploitation,exceptthatonlythefishlanded
areconsidered.Thedistinctionbetweencatchandlandingsisimportantwhen
considerablequantitiesoffisharediscardedatsea.

RECRUITMENT:Additionofnewfishtothevulnerablepopulationbygrowthfrom
amongsmallersizecategories(Section11.1).

RECRUITMENTCURVE,REPRODUCTIONCURVE:Agraphoftheprogenyofaspawning
atthetimetheyreachaspecifiedage(forexample,theageatwhichhalfofthe
broodhasbecomevulnerabletofishing),plottedagainsttheabundanceofthe
stockthatproducedthem.

SECULAR:Pertainingtothepassageoftime.

STATISTIC:Theestimateofaparameterwhichisobtainedbyobservation,andwhich
ingeneralissubjecttosamplingerror.

STOCK:Thepartofafishpopulationwhichisunderconsiderationfromthepointof
viewofactualorpotentialutilization.

SUCCESS(offishing):Catchperunitofeffort.

SURPLUSPRODUCTION(Y'):Productionofnewweightbyafishablestock,plusrecruits
addedtoit,lesswhatisremovedbynaturalmortality.Thisisusuallyestimated
asthecatchinagivenyearplustheincreaseinstocksize(orlessthedecrease).
Alsocalled:naturalincrease,sustainableyield,equilibriumcatch(Schaefer).

-.



SURVIVALRATE(S):Numberoffishaliveafteraspecifiedtimeinterval,dividedbythe
initialnumber.Usuallyonayearlybasis.

SUSTAINABLEYIELD:Equilibriumyield.

USABLESTOCK:Thenumberorweightofallfishinastockthatliewithintherange
ofsizescustomarilyconsideredusable(ordesignatedsobylaw).Alsocalled:
*standingcrop.

UTILIZEDSTOCK,UTILIZEDPOPULATION(V):Thepart,bynumber,ofthefishaliveat
agiventime,whichwillbecaughtinfuture.

VIRTUALPOPULATION:Utilizedstock.

VULNERABILITY:AtermequivalenttoCATCHABILITYbutusuallyappliedtoseparate
partsofastock,forexamplethoseofaparticularsize,orthoselivinginapar-
ticularpartoftherange.

YEAR-CLASS:Thefishspawnedorhatchedinagivenyear.Inthenorthernhemisphere,
whenspawningisinautumnandhatchinginspring,thecalendaryearofthe
hatchiscommonlyusedtoidentifytheyear-class(exceptusuallyforsalmon).
Alsocalled:brood,generation.

Intheabove,onlythekindsof"rates"aredefinedwhicharemostfrequently
used.Ingeneral,foranyprocesstherewillbeanabsoluterate,arelativerateandan
instantaneousrate(Sections1.4,1.5).

1.3.SYMBOLS

Thesymbolsusedarethoseofthe"international"system(Gulland1956a)asfar
aspossible,butquiteanumberofadditionalonesarerequired,ofwhichthosemore
frequentlyusedareshownbelow.Thepredecessorsofthisbulletin(Ricker1948,1958a)
usedessentiallythesystemrecommendedbyWidrig(1954a,b),andtheirsymbolsare
indicatedbelowinsquarebrackets.

.a'll.acoefficientusedintheRickerrecruitmentcurve(Section11.6.2)
2.themultiplierinthefunctionalweight-lengthrelationship(Section9.3.1)

b1.theslopeofanyline
2.theexponentinthefunctionalweight-lengthrelationship(Section9.3.1)

e2.71828...
ffishingeffort
hannualgrowthrate

k1.Fordgrowthcoefficient(Section9.6.4)
2.arate;usedinvariousconnections

Ilengthofafish
mconditionalrateoffishingmortality

nconditionalrateofnaturalmortality

qcatchability[c]



1.availability(1).
2.rateofaccession(Section5.3)
standarddeviation
1.apointintime(oftenusedasasubscript)
2.anintervaloftime(alsoIll)
3.age

,u1.rateofexploitationofafishstock,orexpectationofcapturebyman(~ t..__...----

ofRicker1948)
2.theratioofnumberofrecoveriestonumberofmarkedfishreleased

(=RIM)
expectationofnaturaldeath(vofRicker1948)
weightofafish
instantaneousrateofemigration
1.instantaneousrateofimmigration
2.instantaneousrateofrecruitment

Aannual(orseasonal)mortalityrate[a]
A'annual(orseasonal)rateofdisappearanceoffish

Bweight(biomass)ofagroupoffish;forexampleofayear-class,orofan
entirestock

C1.catch,innumbers-usuallyforawholeyear
2.numberoffishexaminedfortagsormarks

E1.escapement(ofsalmon,etc.,pastafishery)
2.numberofeggs
3.exploitationratio(=FIZ)
4.(assubscript)anequilibriumlevel(seeAppendixIll)

Finstantaneousrateoffishingmortality[P]
Ginstantaneousrateofgrowth[g]
K1.Brodygrowthcoefficient(Section9.6.1)

2.anyrate
3.cumulativecatch(Chapter6)

Lmeanlengthatrecruitment,inBaranov'syieldequation

L""asymptoticlength,intheBrody-Bertalanffygrowthequation
MI.instantaneousrateofnaturalmortality[q]

2.numberoffishmarkedortagged(alsoM')
Nnumberoffishinayear-class,population,orsample
PI.abundanceofaparentalstockorgeneration

2.levelofstatisticalprobability
QtheconstantwhichappearsintheintegrationofBaranov'syieldcomputation
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R1.numberofrecruitstothecatchablestock

2.numberofrecapturesofmarkedortaggedfish
3.multiplecorrelationcoefficient

Srateofsurvival(=-logeZ)[s]
S'apparentsurvivalrate(=-logeZ')

Uinstantaneousrateof"otherloss"(includesemigrationand,fortaggedfish,
thesheddingoftags)

V1.utilizedstock,virtualpopulation
2.variance

WCDthemeanasymptoticweightwhichcorrespondstoLCD

Yyield,catchbyweight

Zinstantaneousrateof(total)mortality[i]

Z'instantaneousrateofdisappearance(totallosses)fromastock
(=F+M+U=Z+U)

(overasymbol)ameanvalue

Lsummationsymbol

104.NUMERICALREPRESENTATIONOFMORTALITY

1.4.I.TOTALMORTALITYRATE.Themortalityinapopulation,fromallcauses,
canbeexpressednumericallyintwodifferentways.

(a)Simplestandmostrealisticperhapsistheannualexpectationofdeathofan
individualfish,oractualmortalityrate,expressedasafractionorpercentage.Thisis
thefractionofthefishpresentatthestartofayearwhichactuallydieduringtheyear.

(b)Ifthenumberofdeathsinasmallintervaloftimeisatalltimesproportional
tothenumberoffishpresentatthattime,thefractionwhichremainsattimet,ofthe
fishinapopulationatthestartofayear(t=0),is:

Nt
=e-Zt

No

TheparameterZiscalledtheinstantaneousmortalityrate.]ftheunitoftimeis1year,
thenattheendoftheyear(whent=]):

N1

No

ButNJlNo=S=1-A;hence]-A=e-z,orZ=-loge(I-A);hencetheinstan-
taneousmortalityrateisequaltothenaturallogarithm(withsignchanged)ofthe
complementoftheannualexpectationofdeath.

TheinstantaneousrateZalsorepresentsthenumberoffish(includingnew
recruits)whichwoulddieduringtheyearifrecruitmentweretoexactlybalance
mortalityfromdaytoday,expressedasafractionormultipleofthesteadydensityof
stock.



Theconceptofan"instantaneous"rateapparentlycontinuestotroublestudents.Imaginea
yearofafish'slifetobedividedintoalargenumbernofequaltimeintervals,andletthequantity
Z/nrepresenttheexpectationofdeathofthefishduringeachsuchinterval;or,inotherwords,
Z/nisthefractionofalargepopulationwhichwouldactuallydieduringeachtimeintervalone-nth
ofayearlong.Insucharelationship,Zistheinstantaneousrateofmortality,expressedonayearly
basis.Theintervall/nyearismadeshort(nmadelarge)sothatthechangeinsizeofpopulation
duringeachintervalwillbenegligible;thatis,Z/nmustbeasmallfraction.Butofcoursethecumu-
lativeeffectofthedeathofZ/nofthefishoveralargenumberofnthsofayearisquiteimportant.
Thiscanbeillustratedbyanumericalexample.Letn=1000andZ=2.8.Thenduring1/1000ofa
year2.8/1000=0.28%oftheaveragenumberoffishpresentdie.Sincethisisaverysmallnumber
ofdeaths,thedifferencebetweenaveragenumberandinitialnumbercanbeignored;and,ofapopu-
lationof,say,1,000,000initially,about2800willdieand997,200willremainalive.Duringthenext
thousandthoftheyear0.28%of997,200=2793dieandhence994,407survive.Repeated1000
times,thisprocessleaves1,000,000(I-0.0028)1000=60,000survivors.Themortalityfortheyear
istherefore940,000fish,andtheannualmortalityrateisA=0.940,ascomparedwiththeinstan-
taneousrateofZ=2.8.Thisrelationisnotquiteexact,because1000divisionsoftheyeararescarcely
enoughtocomputetherelativesizesofthesetworateswith3-figureaccuracy.Thevalueappropriate
toanindefinitelylargenumberofdivisionsoftheyearisgivenbytherelationship:(I-A)=e-z
wheree=2.71828.Inthisexample,forZ=2.8,A=0.9392,sothattheapproximatecalculation
wasnotfarofT.ObviouslythereisnolimittothepossiblesizeofZ,butAcannotexceedunity-that
is,nomorefishcandiethanareactuallypresent.Ontheotherhand,whenZandAaresmallthey
approacheachotherinmagnitude.ThetableofAppendixIshowsthatwhenZ=0.1thereisonly
5%differencebetweenthem.

Ithasbeensuggestedthatmortalityshouldnotreallybedividedupintotime
periodsoflessthanaday,becauseofprobablediurnalfluctuationsinpredation,etc.,
andhencethatacalculusoffinitedifferencesshouldbeemployed.Actually,even365
divisionsoftheyeariscloseenoughtoan"indefinitelylargenumber"tomakethe
exponentialrelationshipbetweenZandAaccurateenoughforourpurposes.Amore
penetratingconsiderationisthatwearenot,afterall,interestedindividingupthe
fish'syearintoastronomicallyequaltimeintervals;forourpurposeaphysiological
timescalewouldbemoreappropriate,orperhapsonebasedonthediurnaland
seasonalvariationinactivityofthefish'spredaciousenemies.Itisonlywhentotal
mortalityissubdividedintocomponentswhoseeffectmayvaryseasonallyindifferent
ways,thattimebythesunbecomesimportant.

1.4.2.SUBDIVISIONSOFMORTALITY.Therecanbeseveralcausesofdeathamong
thefishinapopulation:removalsbyman(fishing),predation,disease,accident,etc.,
eachwithitsownrate.Inpracticeweusuallyconsideradivisionintoonlytwotypes:
fishing,andnaturalmortality(whichincludeseverythingelse).Eachkindofmortality
hasitsowninstantaneousrate,andthesumoftheseistheinstantaneoustotalmor-
talityrate.IfFrepresentstheinstantaneousrateoffishingmortality,theexpression
e-

F
representsthesurvivalrateIItlrere\I'erenonatura!lIIortality.andI-e-

F
isthe

correspondingconclitionallllortalityrateifnoothersourceofmortalityexisted.here
representedbyIII.Similarly.ifMistheinstantaoeousrateofnaturalmortality.
I-e--:I\Iistheconditionalnaturalmortalityrate.Whenfishingandnaturalmortality
actconcurrently.theyarecompetingforthesamefish.sotheclmditionalmortality
ratescannotbeadded.Hmvever.anexpectationofdeathcaneasilybecomputedfor
eachcauseofmortality,asdescribedinSection1.5.2,andtheseareadditive.The



expectationofdeathbyfishingisknownastherateofexploitation.Thethreekindsof
mortalityratescanbesummarizedasfollows:

1.Instantaneousmortalityrates
Total
Fromfishing("rateoffishing")
Fromnaturalcauses

II.Conditionalmortalityrates
Fromfishing·.
Fromnaturalcauses

III.Actualmortalityrates(expectationsofdeath)
Total
Fromfishing("rateofexploitation")
Fromnaturalcauses

1.4.3.POPULARUSAGE.Forpopulardescriptivepurposestheusefulnessofuand
F-rateofexploitationandrateoffishing-dependspartlyonthekindoffishery
involved.Iffishingoccursatatimewhenthereislittleornorecruitment,thenarate
ofexploitationof,say,65%showsthefractionofthevulnerablestockbeingutilized
eachyear;andtosaythattherateoffishingis105%meanslittletothelayman.The
situationisdifferent,however,whenfishing,recruitment,andnaturalmortalitytake
placethroughoutthesameperiodoftime:inthatevent,forexample,witha65%
rateofexploitationand10%naturalmortality,theyear'scatchequals1.21timesthe
stockonhandatanygiventime.Insuchacasetherateoffishing,121%,seemsthe
moreconcreteandrealisticdescriptionoftheeffectivenessofthefishery.

1.5.R~CRUITMENT,STOCK,ANDCATCHINNUMBERS

1.5.1.TYPESOFIDEALFISHPOPULATIONS.Ausefulclassificationoffishpopula-
tionsisshownbelow.ItissimilartothatproposedbyRicker(1944,I958a),butwith
differentnumbering.

Type1.Naturalmortalityoccursduringatimeofyearotherthanthefishingseason.Thepopu-
lationdecreasesduringthefishingseasonbecauseofcatchremovalsonly.

Type2.Naturalmortalityoccursalongwiththefishing;eachoccursataconstantinstantaneous
rate,orthetworatesvaryinparallelfashion.Thisisthetypewhichhasbeenmostusedinproduction
computations.

Theabovetypescanbefurtherdividedonthebasisofwhenrecruitmentoccurs:
TypeA.Recruitmenttakesplaceatatimeofyearwhenthereisnomortality.
TypeB.Recruitmentisatanevenabsolute(linear)ratethroughouttheyear,orisproportional

totherateoffishingthroughoutthefishingseason.
RecruitmenttypesAandBcanbecombinedwithfishingtypes1or2.Allthese

"types"areidealratherthanreal,andwillbeapproximatedratherthanmetby
actualfisheries.

1.5.2.RELATIONSHIPSBETWEENPARAMETERS. Foralloftheabovetypesoffisheries,
thefollowingrelationshipsexistbetweenthemortalityandsurvivalrates:

Instantaneoustotalmortalityrate:Z=F+M
Actualtotalmortalityrate:A=I-e-z=u+v
Survivalrate:S=e-z

(1.3)
(1.4)
(1.5)



ForType1fisheriesitisconvenienttostartthebiologicalyearatthetimefishing
begins,andtoconsiderthatnaturalmortalityoccursafterfishingends.Wehavethen
thefollowingrelationships,additionalto(1.3)-(1.5):

Rateofexploitation:

Conditionalnaturalmortalityrate:

Expectationofnaturaldeath:

(1.6)

(1.7)

(1.8)

ForType2fisheries,inwhichfishingandnaturalmortalityoperateconcurrently,
thefollowingrelationshipshold:

Conditionalfishingmortalityrate:m=1-e-F(1.9)

Conditionalnaturalmortalityrate:n1-e-M(1.10)

Rateofexploitation:uFA/Z(1.11)

Expectationofnaturaldeath:vMA/Z(1.12)

Noticeparticularlythatexpressions(1.3)-(1.5)and(1.14)donotrequirethat
fishingandnaturalmortalityoccuratrateswhichareproportionalwithintheyear.
Forexample,asimplecalculationwillshowthata50%conditionalrateofnatural
mortality(n),combinedwitha50%conditionalrateoffishingmortality(m),givesa
75%totalmortalityrate(A),regardlessofwhetherthetwocausesofdeathoperate
concurrently,orconsecutively,orinanyintermediatefashion.Ontheotherhand,
differencesintheseasonalincidenceofthetwokindsofmortalitycancausestriking
changesintherelativemagnitudesoftheannualexpectationsofdeath(uandv),
thoughthelatteralwaysadduptoA.Expression(1.13)pertainsonlytothesituation
wherefishingandnaturalmortalityaredistributedproportionallywithintheyear
(thoughitisnotnecessarythateachbeofaconstantmagnitudeonanastronomical
timescale.)

ToobtainagoodapproximationtoeithertheType1orType2fisheryitis
legitimatetosetthelimitsofthefisheryyearinasconvenientamanneraspossible.
Forexample,toincreasetheresemblancetoType2itmaybepossibletoarrangethe
statisticalyearsothatthemeantimeoffishingisatthemiddleofthatyear,withtimes
oflittlefishingdistributedassymmetricallyaspossibleatthebeginningandatthe
end.

Iffishingissodistributed,seasonally,thatneithertheTypeInorType2model
isrealistic,theyearcanbedividedintotwoormorepartsandseparatevaluesofF,
M,etc.,computedforeach.



1.5.3.SINGLEAGE-GROUPS.Considerasingleage-groupoffishintherecruited
(fullyvulnerable)partofastock.ItsabundanceduringayeardecreasesfromNto
NS,accordingtoequation(1.2);forexample,fromthepointAtothepointB!in
Fig.].1.TheaverageabundanceduringtheyearistheareaofthefigureunderAS!,
dividedbythelengthofthebase(whichisunity).Inoursymbols,thisis:

1=1

N=fNe-Zdt
1=0

=N(e-
Z

__~)=NO-e-
Z
)=NA

-Z-ZZZ

FIG.1.1.Exponentialdecreaseinastockfromaninitialabundanceof]00at
age2,whentheannualmortalityrateis0.2(AC)ar.dwhenitis0.5(AB).The
brokenlinesindicatepopulationstructureduringaperiodoftransitionfromthe
smallertothelargermortality.(Redrawnfromfig.8ofBaranov1918,byS.D.
Gerking.)

Thetotaldeaths,whichequalNAbydefinition,arethereforeZtimestheaverage
population.Sincethemortalityisateachinstantdividedbetweennaturalcausesand
fishingintheratioofFtoM,thennaturaldeathsareM/(F+M)=M/Ztimes
NA,or(from1.15)Mtimestheaveragepopulation;thatis:

M

F+M
XNA=MNA

Z



C=FN=NFA
Z

ThisisoftenknownasBaranov'scatchequation.Ithasalsobeenderivedstochastically
byRothschild(1967).

1.5.4.SEVERALAGE-GROUPS.Afewkindsofcommercialfishstocksconsistof
singleage-groups,towhichtheaboveexpressionsapplydirectly.Morecommonly
astockconsistsofamixtureofages,sothatinordertoobtainexpressionsformortal-
ity,etc.,ofwholepopulations,considerationmustbegiventotherecruitstothe
stock,andthemannerinwhichrecruitmentoccurs.Wewillbeginbyconsidering
theequilibriumsituation,firstdescribedindetailbyBaranov(1918),whererecruit-
mentisthesameinallyears;andwiththefurthersimplificationthatsurvivalrate
isthesamethroughoutlife.

ir
i)

1.5.5.INSTANTANEOUSRECRUITMENT.ConsiderRrecruitsaddedtothecatchable
stockofaspecieseachyear.SupposethestockisofTypeA,sothattherecruits
becomecatchableduringabriefintervaloftime,orforpracticalpurposesallat
oneinstant.Withaconstantrateofsurvival,S,therecruitsdecreasein1yearto
Re-zorRS,in2yearstoRS2,intyearstoRS

t
•Undertheseequilibriumconditions

thetotalpopulationpresentjustafterrecruitmentinanyyearisfoundbysumming
theconverginggeometricseries:

(l-SCO)RR
=R1-S.=(1-S)=A

Atanyothertimeofyearthepopulationwillofcoursebesomewhatlessthanthis.
Forexample,atthehalfyearitwillbe:

Re-O.5Z

A

Re-zRS
N=--=-

AA



Theaveragesizeofthestockoverthecourseofayear(unittime),duringwhich
itdecreasesfromR/AtoRS/A,isofcourse:

t-l

N=~fe-
Zt

dt=~X~=~
t=O

1.5.6.CONTINUOUSRECRUITMENT.ConsiderafisheryofType2B,inwhichR
recruitsenteracatchablestockatasteadyabsoluteratethroughouttheyear,instead
ofallatonce.SupposefurtherthatthestockisinequilibriumatdensityN,with
thenumberofrecruitsjustbalancingthenumberofdeathsatalltimes.From(1.15),
thenumberoffishthatdieinthecourseofayearistheproductofthenumber
presenttimestheinstantaneousmortalityrate:

Consideringthefishonhandatthestartofayear,thenumberofthemthatwill
dieduringtheyearisofcourse:

Butunderequilibriumconditionstheannualnumberofrecruitsmustbethesame
asthenumberofdeaths,i.e.:

Hencethenumberofrecruitswhichdieduringtheiryear0frecruitment(expression
1.24)canalsobewritten(substitutingN=R/Z):

R(Z-A)
Z

R_R(Z-A)=RA
ZZ

Thedevelopmentofexpression(1.27)justgivenisthatofRicker(J944).Beverton(]954,p.140)
hasdevelopeditdirectlyfromthedifferentialequationrelatingsizeofstock,Nt,toinstantaneous
mortalityrate,Z,andtorecruitment,R:

dNt=-ZN+R
dtt



whereRisthenumberofrecruitswhichenteratauniformabsoluterateoveraunitoftime(inthis
case,ayear).Integratingtheabovegivestheexpressionfornumberofcatchablefishattimetas:

R Nt=-+Ke-Zt
Z

whereKisanintegrationconstant.Ifweconsiderastockconsistingofasingleyear'srecruits,sothat
Nt=°whent=0,theconstantKisequalto-RjZ.Hencethegeneralexpressionforthenumber
ofsurvivingrecruitsattimetbecomes:

RRR
Nt=---e-Zt=-(1-e-Zt)

ZZZ

~(l-e-Z)=R(l-S)=RA
ZZZ

Duringtheirsecondyearoflifetheabovesurvivors(expression1.27)aresubject
tothefullmortalityrateA,sothatRA2jZdieandRASjZsurvive.Thetotalpopula-
tionofallages,atthebeginningofanyyear,isthereforefoundbysummingthe
geometricseries:

_RA(I-SCO) -----
Z1-S

RA1 -x-
ZA

Butsincerecruitmentandmortalityarecontinuous,thepopulationisthesameat
alltimesofyear,and(1.32)representsthestockcontinuouslyonhand,N.

Since(1.32)isthesameas(1.21),itappearsthat,regardlessofthemannerin
whichrecruitmentoccurs,underequilibriumconditionstheaveragestockonhandover
thecourseofayearwillbeequaltoRjZ.Apracticalcorollaryisthefactthatnumerical
examplesinwhichrecruitmentisinstantaneous(whicharesomewhateasiertocon-
struct)areformanypurposesacceptablemodelsofpopulationsinwhichrecruitment
actuallyoccursalongwiththefishing.

1.5.7.STOCKSINWHICHMORTALITYRATECHANGESWITHAGE.Whenmortality
andsurvivalratechangewiththeageofthefish,whetherbecauseofavariablerate
ofnaturalmortalityorvariationinrateoffishing,nosimpleexpressionsforcatch,
etc.,inthewholestockarepossible:thecontributionofeachyear-classmustbe
summedseparately.Forexample,withRrecruitsperyearandcontinuousrecruit-
ment,thestockis:

RAl+RS2Al+RS3S2At+RS4S3S2Al+
ZlZlZlZl



CHAPTER3.-VITALSTATISTICSFROMMARKING:
SINGLESEASONEXPERIMENTS

Attachingtagstofish,ormarkingthembymutilatingsomepartofthebody,
wasfirstdonetotracetheirwanderingsandmigrations.Towardthecloseofthelast
century,C.G.J.Petersen(1896,etc.)beganthepracticeofusingmarkedfishto
compute,first,rateofexploitation,and,secondly,totalpopulation,offishlivingin
anenclosedbodyofwater.Theseprocedureshavebeenwidelyadopted.Thenames
usuallyappliedare"samplecensusing,""estimationbymarkedmembers,"the
"mark-and-recapturemethod,"the"Petersenmethod,"andthe"Lincolnindex."

TheprincipleofthismethodwasdiscoveredbyJohnGrauntandusedinhis"Observationson
theLondonBillsofMortality,"firstpublishedin1662-aworkthatmarksthestartingpointof
demographicstatistics(E.S.Pearsonpersonalcommunication).Childrenbornduringayearwerethe
'"marked"individuals,andtheratioofbirthstopopulationwasascertainedfromasample.About10
yearsafterPetersen'sfirstwork,KnutDahlemployedthesameproceduretoestimatetroutpopula-
tionsinNorwegiantarns.Applicationstooceanfishesstartedtowardtheendofthefirstdecadeofthe
century.SamplecensusingofwildbirdsandmammalsbeganratherbelatedlywithLincoln's(1930)
estimateofabundanceofducksfrombandreturns,whileJackson(1933)introducedthemethodto
entomology.

Theprincipalkindsofestimateswhichcanbeobtainedfrommarkingstudies
are:

1.rateofexploitationofthepopulation
2.sizeofthepopulation
3.survivalrateofthepopulationfromonetimeintervaltothenext;most

usefully,betweentimesoneyearapart
4.rateofrecruitmenttothepopulation

Ofcoursenotallmark-and-recaptureexperimentsprovideallthisinformation;
oftenonlypopulationsizeisinvolved.Sinceabout1950therehasbeenmuchactivity
indevelopingavarietyofproceduresformarkingandrecoveryand,foranygiven
procedure,theremaybeavarietyofstatisticalestimatessuitedtodifferentconditions.
SomeofthemorecomprehensivepapersarebyDeLury(I951),Chapman(I952,
1954),andCormack(I969).

Thegeneraltypesofprocedureinvolvedareasfollows:

1.Singlecensus(Petersentype).Fisharemarkedonlyonce;subsequentlya
singlesampleistakenandexaminedformarkedfish.Whereasthemarkingshould
ideallyberestrictedtoashortspaceoftime,thesubsequentsamplemaybetaken
overquitealongperiod.



2.Multiplecensus(Schnabeltype).Fisharemarkedandaddedtothepopula-
tionoveraconsiderableperiod,duringwhichtime(oratleastduringpartofit)
samplesaretakenandexaminedforrecaptures.Inthisproceduresamplesshouldbe
replaced:otherwisethepopulationisdecreasingandthepopulationestimatecannot
refertoanydefiniteperiodoftime-unless,ofcourse,thesamplesareanegligibly
smallfractionofthetotalpopulation.Thereissomecomputationaladvantagein
markingallfishtakeninthesamples,butitisnotessential.

3.Repeatedcensuses.Proceduresforestimatingsurvivalratefromtwosuccessive
PetersenorSchnabelcensusesweredevelopedbyRicker(1942b,1945a,b).

4."Point"censuses.Samplesformarkingandforobtainingrecoveriesare
madeatthreeormorelperiodsor"points"intime,theseperiodsbeingpreferably
shortcomparedwiththeinterveningperiods.Thefirstsampleisformarkingonly,
thelastforrecoveriesonly,andtheintermediateoneoronesformarkingandrecovery.
Adifferentmarkisusedeachtime,andsubsequentsamplingtakescognizanceofthe
originofeachmarkrecovered.Thistypeofcensusiswelladaptedtoestimating
survivalrateandrecruitment.

Inexperimentsusingtags,individualfishcanbeidentifiedeachtimetheyarerecaptured.Insome
insectmarkingexperimentsanindividualhasbeengivenanadditionalmarkeachtimeitisrecaptured,
whichservestoidentifyitspreviousrecapturehistory.Methodsforestimatingpopulation,survival
rate,andrecruitmentfromthisinformationhavebeendevisedbyJackson(1936,etc.),Dowdeswell
etal.(1940),FisherandFord(1947),Cox(1949),LeslieandChitty(1951),Bailey(1951),Chapman
(1951,1952),Leslie(1952),andothers.Thesemethodsvarywiththekindofgroupingofrecaptures
used,andwiththemathematicalmodelemployed;theyoftenrequirecomplicatedtabulationsand
solvingcomplexexpressions.

Withanyoftheabovefourmethods,therearetwoorthreepossibleprocedures
intakingthesecondorcensussample.

a.Directcensus.Indirectcensusing,thetypeusuallydone,thesizeofthesample
orsamplestakenisfixedinadvance,orisdictatedbyfishingsuccess,etc.

b.Inversecensus.Ininversecensusing,thenumberofrecapturestobeobtained
isfixedinadvance,andtheexperimentisstoppedassoonasthatnumberisobtained
(Bailey1951).Thisprocedureleadstosomewhatsimplerstatisticalestimatesthan
directsampling.Amoreimportantconsideration,possibly,isthatsincethesizeof
therelativesamplingerrorofanyestimatedependsmainlyontheabsolutenumber
ofrecapturesmade,fixingthenumberofrecapturesdeterminesthesamplingaccuracy
oftheresultwithinfairlynarrowlimits.Inversecensusingislikelytobemostuseful
withsinglecensuses,butitcanalsobeappliedtomultiplecensusing(Chapman1952).

Inpractice,samplingcanbeandprobablyusuallyissomewhatintermediate
betweendirectandinverse.Anexperimentermayhavetimeforuptotwoweeks
ofcensussampling,forexample,butwouldbegladtostopearlierifareasonable
numberofrecaptureshasbeentaken.However,ifhedecidestofinishattheendofa
certainday,ratherthanatexactlythetimethenthrecaptureismade,theprocedure
ismostakintodirectsampling.



c.Modifiedinversesampling.AproceduredescribedbyChapman(1952)works
towardapredeterminednumberofunmarkedfishinthesample,butheretheonly
advantageappearstobestatisticalconvenience.

d.Sequentialcensuses.Iftheproblemistofindwhetherapopulationisgreater
orlessthansomefixednumber,samplingcanbedonebystagesandterminated
wheneverthispointissettled,atanydesireddegreeofconfidence.Suitableformulae
aregivenbyChapman(1952).

Onlythebetter-known,easier,ormorepracticaloftheaboveprocedureswillbe
presentedhere.ThesimplePetersensituationisdescribedfirst,followedbyareview
ofpossiblesystematicerrors,thenadescriptionofotherprocedures.

3.2.PETERSENMETHOD(SINGLECENSUS)

3.2.1.SIMPLEPETERSENESTIMATES.Anumberoftaggedormarkedfishare
putintoabodyofwater.Recordisthenkeptofthetotalnumberoffishcaughtout
ofitduringayearorotherinterval,andofthenumberofmarkedonesamongthem.
Wehave:

Mnumberoffishmarked
Ccatchorsampletakenforcensus
Rnumberofrecapturedmarksinthesample

Wewishtoknow:

urateofexploitationofthepopulation
Nsizeofpopulationattimeofmarking

Anestimateofrateofexploitationofthepopulationisgivenby:

R
u=- ·M

Leslie(1952)showsthatthisisanunbiasedmaximumlikeliboodestimate.Assuming
randommixingofmarkedandunmarkedfish,itsvarianceisfoundfromthebinomial
distributiontobe:

~N(l-~)
Withlargenumbersofrecoveries,RICcanbeusedasanapproximationforthe
unknownMIN,giving:

R(C-R)
V~u)=M2C

Similarly,anunbiasedestimateofthereciprocalofpopulationabundance
is,bydirectproportion:

1uR -=-=--
N.CMC



R(C-R)
V(ljN)=--

M2C3

MCC
N---- --

Rli

M2C(C-R)
YeN)=3

R

Thisisexpression(2.6)ofBailey(1951).However,valuesofMCjRarenotsymmet-
ricallydistributed,whereasthoseofRjMCare;thusifthenormalcurveoferror
isusedtocalculatelimitsofconfidence,itisbesttocalculatethemfor1jNusing
(3.4),andtheninvertthemtoobtainlimitsforN.

Confidencelimitscanbeobtainedmoresimply,however,bytreatingRasa
Poissonorbinomialvariable(whicheverisappropriate),obtaininglimitsforitdirectly
fromachartortable(AppendixIi),andsubstitutingthesein(3.5).

3.2.2.ADJUSTEDPETERSENESTIMATE.Althoughexpression(3.5)isaconsistent
estimateofN,inthatittendstothecorrectvalueassamplesizeisincreased,itis
notquitethebestestimate2.Thisistruewhethersamplingisdirectorinverse.Bailey
(1951)andChapman(1951)haveshownthatwithordinary"direct"sampling(3.5)
tendstooverestimatethetruepopulation.Theyproposedmodifiedformulaewhich
giveanunbiasedestimateinmostsituations.Chapman'sversionisasfollows(omitting
-I,whichisofnopracticalsignificance):

N*=(M+I)(C+I)
R+I

Itisusuallyworthwhiletouse(3.7)inplaceof(3.5)indirectsampling,eventhough
withlargevaluesofRthereislittledifference.

Thelarge-samplesamplingvarianceforN*111(3.7)isgivenbyChapmanas
approximatelyequalto:

YN*_(M+I)2(C+I)(C-R)_N2(C-R)
()-(R+1)2(R+2)-(C+l)(R+2)

Again,however,itisbettertoobtainapproximateconfidenceintervalsfromcharts
ortablesappropriatetothebinomialorPoissondistributions,usingRastheentering
variable(Cr.Example3.1).

2Thatabestestimatedoesnotremainabestestimatewheninvcrtedisoneoftheuncomfortable
factsofstatisticallife.ThesameistruebetweenastatisticandallYfunctionofit,otherthanalinear
one.ForanalogouscxamplesseeSections2.1and11.4.2.



Expressions(3.3)-{3.8)areapplicablewhetherthefishcapturedareremoved
fromthepopulationorwhethertheyarereturnedtoit(Chapman1952,p.300).

N=_M_(C_+_l_)
R+1

andhisexpressionforthevarianceissimilarlyadjusted,butpracticallytheseareindistinguishable
fromChapman'sformulae.

For"inverse"sampling-whichceaseswhenapredeterminedRhasbeentaken-(3.5)isclose
tobeinganunbiasedestimateofN.Nevertheless,amodifiedformulaisslightlybetter(Bailey,p.298):

C(M+1)
N=----1

R

3.2.3.STATISTICALBIASINPETERSENESTIMATES.Expression.(3.7)providesan
unbiasedestimateofNif(M+C)>N,sothatthereisnochancethatRmightbe
zerobecauseofsamplingvariability(Chapman1951,RobsonandRegier1964).
IfthisconditionisnotmettheestimateN*hasnegativebias.ProvidedN>100this
biasiscloseto:

ForMCIN=3theexponentialin(3.11)is0.050,andforMCIN=4itis0.018.
Therefore,inpractice,alessstringentconditioncanbeused:thatMCbegreater
thanfourtimesthetruepopulationN,inwhicheventtheprobabilityofbiaswillbe
lessthan2%(RobsonandRegier1964).

SincetrueNisunknownitismoreconvenienttohavearulebasedonanobserved
statistic,thenumberofrecaptures(R).ForthePoissonsituation(i.e.whenMINis
small)thelowerconfidencelimitsinAppendixIIwillindicatetheprobabilityof
R=0foranyobservedR,andthuswhethersystematicbiasofthistypeislikely.
For95%confidence,trueRwillnotbelessthan1ifobservedR=3ormore;and
for99%confidencethisistruewhenobservedR=4ormore.IfMINisnotsmall,
theselimitsaresomewhatmoreseverethanisnecessary.Thustheprobabilityof
statisticalbiascanbeignoredifrecapturesnumber3-4ormore.

Similarstatisticalbiasexistswhenverysmallnumbersofrecapturesaremadewith
otherkindsofestimatesofpopulation,survivalrate,andrateofexploitation,de-
scribedinthesectionsandchapterstofollow.

3.2.4.SAMPLINGERRORANDSAMPLESIZE.SamplingerrorsforPetersenestimates
aremosteasilyobtainedfromtablesorchartsoffiduciallimitsforthebinomial,
Poisson,ornormalapproximationstothehypergeometricdistribution.Suitable
chartshavebeenpublishedbyClopperandPearson(1934),Adams(1951),and
Davis(1964),whileRicker(1937andAppendixIIhere)tabulateslimitsforthe
Poissondistribution:thelattercanbeusedasanapproximationfortheothers,since
theywillnevergivetoofavorableapicture.TheobservednumberofrecapturesR
isenteredinthexcolumnofAppendixII,andthe95%or99%confidencelimits
readoff.ThelatterarethensubstitutedforRin(3.5)or(3.7),andcorresponding



CHAPTER5.-POPULATIONSTATISTICSFROMMARKING
EXPERIMENTSEXTENDINGTHROUGHTWOORMORETIME

INTERVALS,WITHVARIABLESURVIVALRATE

5.1.POPULATIONANDSURVIVALRATEWHENMARKINGIsDONEATTHESTARTOF
FISHINGINTwoCONSECUTIVEYEARS-RICKER'SMETHOD

5.1.1.NATURALMORTALITYTHESAMEATALLAGES.Themostdirectapproach
toanestimateofsurvivalbymarkingistorunsimilarmarkingexperimentsintwo
successiveyears(orotherinterval),usingdifferentmarksforeach.Whenmarking
isalldonerightatthestartofthefishingseason,wehavethefollowing:

M1numberoffishmarkedatthestartofthefirstyear
M2numberoffishmarkedatthestartofthesecondyear
RIlrecapturesoffirst-yearmarksinthefirstyear
R12recapturesoffirst-yearmarksinthesecondyear
R22recapturesofsecond-yearmarksinthesecondyear

Slsurvivalrateduringyear1(fromtimeofmarkinginyear1totimeofmarking
inyear2)

Wemayreasonasfollows:thenumberoffish,M2,marhdatthestartofthe
secondyear,yieldsR22recapturesthatyear;thustherateofexploitationinyear2
isU2=R22JM2.OftheM1fishmarkedinyear1,RI2arecaughtinyear2.Thenumber
offirst-yearmarkedfishstillatlargeatthestartofyear2shouldbeR12JU2,or
R12M2JR22.Thelatternumbermustbecomparedwiththenumberofmarkedfish
atlargeatthestartofyear1,MJ,toobtainthesurvivalrateoverthatperiod:

Thisisthe!large-sampleformulaofRicker(1945a,1948).Noticethatitisnot
essentialthatallthemarkedfishrecapturedbereported.Itisonlynecessarythat,
duringyear2,ths.marks..p.u.t-Gu..aLthe-5.taI:t-Of-yeaLLb~..Ie.'por'k.d::as::.c_omple1~ly. _~s-those_~
puEoii-at-thest~r~~!}:-:~()_(/

Thelarge-samplevarianceof(5.1)canbeobtainedbysubstitutingtheestimates
inSeber's(1972)moregeneralexpression(se~Section5.1.3),asfollows:

V(Sl)=Si(_I-+i__1__1)
R12R22M1M2



Expression(5.1)canbemodifiedforsmallnumbersofrecapturesbyanalogywith
expressions(3.7)and(5.12):

TheestimateofSIfrom(5.1),ratherthan(5.3),hastheadvantagethatitcanbe
transformeddirectlytoAlandZ];henceF]andMcanbecomputedusing(5.28)
providedtherecapturedmarksarereportedcompletely.ThevalueofF2isalso
available,ifacceptabledataofthetypeshownbyequation(5.27)areathand.

5.1.2.NATURALMORTALITYVARIESWITHAGE.Themethodabovecanalsobe
madetotakecareofanychangesinnaturalmortalityrateassociatedwithagewhich
mayoccuramongthefish.Ifsuchareimportant,thefishmarkedinthesecondyear,
M2,shouldhaveaminimumsizegreaterthanthatofthefishmarkedinthefirstyear,
M1,byoneyear'sgrowth(Ricker1945a).Stillbetter,thecomputationcanbemade
toapplytooneormoredefiniteyear-classesorlength-groupsoffishintwosuccessive
yearsoftheirexistencebyusingdifferentmarks,ormerelybyadvancingtheboundary
betweenthegroupsasthefishincreaseinsize,asinExample3.2above.

EXAMPLE5.1.SURVIVALRATEOFBLUEGILLSINMUSKELLUNGELAKE,FROM
MARKINGSDONEATTHESTARTOFTwoCONSECUTIVEYEARS.(FromRicker1948.)

TheprocedureofSection5.1wastheprincipaloneusedduringthe1940'sto
estimatevitalstatisticsoffishpopulationsinsmallIndianalakes.Anexamplecon-
cerningbluegills(Lepomismacrochirus)ofMuskellungeLakewillbede~cribed;
thedataarefromRicker(l945a,p.383-384).\

OfMi=230bluegillsmarkedbeforethestartofthe1942fishingseason,R12=13
werecapturedin1943.OfM2=93markedbeforethestartofthe1943fishingseason,
R22=13wererecapturedin1943.Thesurvivalrateinthefirstyearistherefore,
from(5.3):

13X93
Sl=---=0.37546

230X14

From~.2).>thevarianceofS]is:

2(1111) V(SI)=0.37546-+----- 131323093




