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““There were two bears yesterday and there are three bears There were two bears yesterday and there are three bears 
today. Does this mean that one bear has been born or that today. Does this mean that one bear has been born or that 
101 bears have been born and 100 have died?101 bears have been born and 100 have died?””

Wood (1994)Wood (1994)



IntroductionIntroduction

Very few papers on mortality (12 after 1996), while >100 Very few papers on mortality (12 after 1996), while >100 
on egg production and growthon egg production and growth
Difficulties in copepod stageDifficulties in copepod stage--specific mortality estimationspecific mortality estimation

Short sampling interval necessaryShort sampling interval necessary
Temporal coverage, at least one generationTemporal coverage, at least one generation
Bias caused by gear selectionBias caused by gear selection
Not feasible to track the same copepod population by Not feasible to track the same copepod population by EulerianEulerian
or or LagrangianLagrangian measurementsmeasurements
Mathematical problems: Recruitment Mathematical problems: Recruitment –– Death = Death = ∆∆NN

Existence of solutionExistence of solution
Uniqueness of solutionUniqueness of solution
StabilityStability



Study locationStudy location



Study locationStudy location



Study locationStudy location



SamplingSampling

Target species: Target species: ClausocalanusClausocalanus furcatusfurcatus
March 18 March 18 -- April 6 April 6 
May 15 May 15 -- June 9, 2003June 9, 2003
Samples taken every 12 hoursSamples taken every 12 hours
153153--µµm zooplankton net samples (0 m zooplankton net samples (0 -- 15m) with 3 15m) with 3 
replicates: enumerate to species and developmental replicates: enumerate to species and developmental 
stagesstages
3030--L L NiskinNiskin water bottle (5, 15, 25m) with 3 water bottle (5, 15, 25m) with 3 
replicatesreplicates



Matrix projection population modelMatrix projection population model

Conceptual modelConceptual model

Mathematical modelMathematical model
NNtt--NNtt--11=R =R -- D D -- MM
E is egg production rateE is egg production rate
PPiiii: Probability of surviving: Probability of surviving

and staying in theand staying in the
same stagesame stage

GijGij: Probability of surviving: Probability of surviving
and entering the nextand entering the next
stagestage
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Matrix elementsMatrix elements

Egg production rates estimated from egg ratio method: Egg production rates estimated from egg ratio method: 
3.40 eggs female3.40 eggs female--11 dayday--11 in Marchin March--April and 0.5 eggs April and 0.5 eggs 
femalefemale--11 dayday--11 in Mayin May--June June 
StageStage--specific developmental times estimated from specific developmental times estimated from 
incubation experiments: 13incubation experiments: 13--19 days19 days
PPiiii=(1=(1--mmii)*(1)*(1--∆∆t/D)t/D)
GGjiji=(1=(1--mmii)*)*∆∆t/Dt/D
[N[N11 NN22 NN33 NN44·· ·· ·· ·· ·· ·· ·· ··NN1212 NN1313]]tt´́: stage specific : stage specific 
abundance at time abundance at time tt from field samplesfrom field samples
[N[N11 NN22 NN33 NN44·· ·· ·· ·· ·· ·· ·· ··NN1212 NN1313]]t+1t+1´́: stage specific : stage specific 
abundance at time abundance at time t+1t+1 from field samplesfrom field samples
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Overview on assumptionsOverview on assumptions

Mortality estimation techniques:Mortality estimation techniques:
Horizontal life table method (HLT)Horizontal life table method (HLT)

Time series of stageTime series of stage--specific abundances (cohort)specific abundances (cohort)
Vertical life table method (VLT)Vertical life table method (VLT)

Stable populationStable population
Surface smooth method (SSM)Surface smooth method (SSM)

Time series of stageTime series of stage--specific abundancesspecific abundances
Mortality rates change smoothly between consecutive stagesMortality rates change smoothly between consecutive stages

Inverse matrix method with quadratic programming algorithm Inverse matrix method with quadratic programming algorithm 
(IMM(IMM--Q) and nonlinear algorithm (IMMQ) and nonlinear algorithm (IMM--N)N)

Time series of stageTime series of stage--specific abundancesspecific abundances
Information on egg production rate and stage durationInformation on egg production rate and stage duration

SSM and VLT are currently commonly usedSSM and VLT are currently commonly used



Methods 1 & 2: HLT & VLTMethods 1 & 2: HLT & VLT

Horizontal life table methodHorizontal life table method
Mortality for NIII at 78.38 = (244Mortality for NIII at 78.38 = (244--33)/244=0.8633)/244=0.86
Notice the negative estimatesNotice the negative estimates
Vertical life table methodVertical life table method
Mortality for NIII=0.48Mortality for NIII=0.48

Time Time 
(days)(days)

NINI NIINII NIIINIII NIVNIV NVNV Total (n mTotal (n m--33))

77.8877.88 111111 8989 111111 6767 6767 …… 18411841
78.3878.38 2222 266266 244244 8989 244244 …… 39943994
78.8878.88 152152 4444 4444 3333 3030 …… 27112711

MeanMean 7676 110110 114114 5454 114114 …… 30143014



Method 3: SSMMethod 3: SSM

Wood (1994)



Method 4 & 5: IMMMethod 4 & 5: IMM--Q and IMMQ and IMM--NN

Project population using stageProject population using stage--structured population model: structured population model: 
AAt+1t+1= = ββ x Ax Att

IMMIMM--Q: Find theQ: Find the
best fit surface best fit surface 
through quadraticthrough quadratic
programming programming 
algorithmalgorithm
IMMIMM--N: N: Find the Find the 
mortality rates mortality rates 
best fit for best fit for 
observation data using Gaussobservation data using Gauss--LevenbergLevenberg--Marquardt algorithm Marquardt algorithm 
(PEST)(PEST)



Simulated case 1a & 1bSimulated case 1a & 1b

Mortality rates Mortality rates 
change smoothly change smoothly 
between two between two 
consecutive stages consecutive stages 
(SSM)(SSM)
Population 1a was Population 1a was 
initialized with initialized with 
stablestable--age age 
distribution (VLT)distribution (VLT)
Population 1b was Population 1b was 
initialized with field initialized with field 
abundancesabundances



Simulated case 1a & 1bSimulated case 1a & 1b

Mortality rates Mortality rates 
change smoothly change smoothly 
between two between two 
consecutive stages consecutive stages 
(SSM)(SSM)
Population 1a was Population 1a was 
initialized with initialized with 
stablestable--age age 
distribution (VLT)distribution (VLT)
Population 1b was Population 1b was 
initialized with field initialized with field 
abundancesabundances





Simulated case 2Simulated case 2

From case 1:From case 1:
HLT & VLT HLT & VLT 
failfail
SSM deviationSSM deviation
in later stagesin later stages

Case 2:Case 2:
Mortality ratesMortality rates
change relativelychange relatively
largelarge



Simulated case 2Simulated case 2



Field population: SSMField population: SSM



Field population: IMMField population: IMM--QQ



Field population: IMMField population: IMM--NN





ConclusionsConclusions

StageStage--specific mortality estimation is problematicspecific mortality estimation is problematic
Different results from different methods reflect the Different results from different methods reflect the 
uncertainty in copepod stageuncertainty in copepod stage--specific mortality estimationspecific mortality estimation
IMMIMM--N performed the bestN performed the best
Eggs experienced high mortality rates in both MarchEggs experienced high mortality rates in both March--April April 
and Mayand May--JuneJune
The adult stage had high mortality rate in both MarchThe adult stage had high mortality rate in both March--
April and MayApril and May--JuneJune
Copepodite V had high mortality in MarchCopepodite V had high mortality in March--AprilApril
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