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INDIVIDUAL MARKING

Capture-recapture data
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CORMACK-JOLLY-SEBER (CJS) MODEL

» ¢;: probability an individual survives from time ¢ to ¢ + 1

» p;: probability an individual alive at time ¢ is captured at
time ¢
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CORMACK-JOLLY-SEBER (CJS) MODEL

» ¢;: probability an individual survives from time ¢ to ¢ + 1

» p;: probability an individual alive at time ¢ is captured at
time ¢

»10010 $1(1 — p2)d2(1 — p3)P3paxa

»11011 $1(p2)d2(1 — p3)P3pagaps

»00101 ¢3(1 — pa)daps

>

where x; = (1 — ¢1) + ¢¢(1 — prg1)xe+1 and x7 = 1.
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SUFFICIENT STATISTICS

» R;: number of individuals released at occasion i

» my: number of individuals released at occasion ¢ and next
recaptured at occasion j



INTRODUCTION GOODNESS-OF-FIT SCORE TESTS CAPTURE HETEROGENEITY EXTENSIONS CONCLUSIONS

00e00 00000 0000 000000000000 00 000
I

SUFFICIENT STATISTICS

» R;: number of individuals released at occasion i

» my: number of individuals released at occasion ¢ and next
recaptured at occasion j

Number of Recapture occasion Never seen
releases 2 3 4 5 again
Ry mi2  miz mia s | Rp— 257:2 mij
Ry Moz Moa  mos | Ro— > 7 o my;j
R3 msa  mgs | Rz — 0, ma;
Ry mys5 Ry — mys
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Number of Recapture occasion Never seen
releases 2 3 4 5 again
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mi3  mig mas | Ri— >0 o maj
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CORMACK-JOLLY-SEBER (CJS) MODEL

Number of Recapture occasion Never seen
releases 2 3 4 5 again
Ry G1p2 G1P2dbaps  P1Dag2P3daps X1
Ry $2p3 $2P3¢3p4 : X2
Rs $3pa : X3
Ry : X4

where p; =1 — py.
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DIAGNOSTIC GOODNESS-OF-FIT TESTS

L = Pr(data|s) x Pr(s;0)

s: sufficient statistics, 8: model parameters

» Pr(data|s) can be used to check model assumptions

» Pollock et al (1985) showed that the assessment of model
adequacy can be decomposed into Test 2 and Test 3.
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DIAGNOSTIC GOODNESS-OF-FIT TESTS

» Test 2: captured and non-captured individuals have an
equal chance of being captured at the next capture
occasion:

» 2.CT (trap-dependence)
» 2.CL

» Test 3: newly and already-marked animals have an equal

chance of being seen again:
» 3.SR (transience)
» 3.Sm

» All tests are performed by means of a contingency table
test of homogeneity.
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TesT 2.CT(2)

Looks for differences between individuals captured and not
captured at occasion 2

Number of Recapture occasion Never seen
releases 2 3 4 5 again
5
Ry miz  maz  maa mus | Ri— >0 o maj
Ry mg3 a4 a5 | Ra— D 7 3maj
R3 mga  mgs | Rz — 0, ma;
Ry mys Ry — mys
mi3 | Mi4+mis
m23 | Ma4+M2s
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TEsT 2.CT(3)

Looks for differences between individuals captured and not
captured at occasion 3

Number of Recapture occasion Never seen
releases 2 3 4 5 again
5
Ry miz M3 Ry =30 o mj
Ry m23 Ry — Z 3 T2
Rg Ry — 370 4 maj
Ry mys5 Ry — mys
mi4 + Mg | Mi15+M2s
m34 m3s
[m] [l = =
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TEsT 2.CT(3)

Looks for differences between individuals captured and not

captured at occasion 3

Test 2.CT = Test 2.CT(2)+ Test 2.CT(3)+- - -+ Test 2.CT(T-2)

Number of Recapture occasion Never seen
releases 2 3 4 5 again
5
Ry miz2 M3 Ry — >0 o myj
Rs mo3 Ry — Zg:s ma;
Rg Ry — 370 4 maj
Ry mys5 Ry — mys
mi4 + Mg | Mi15+M2s
m34 m3s5
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CURRENT APPROACH

calculate diagnostic
tests

significant
?
A4
2.CT only 3.SR only combination

? heterogeneity

transience

trap-effects

model set

model selection
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EQUIVALENCE TO SCORE TESTS

» Shown that certain diagnostic goodness-of-fit tests are
equivalent to score tests (McCrea et al, 2015).
» Test 2.CT
» pj: probability of capture at occasion ¢ given the individual
was captured at occasion ¢t — 1
» Score test of Hy : p, = pj.
» Test 3.SR

» ¢;: probability an individual captured at occasion ¢
survives until ¢+ 1
» Score test of Hy : ¢ = ¢7.
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POWER TO DETECT TRAP-DEPENDENCE

> Suppose p* =p+ 3
» Score test Hy: p* =p
» Test 2.CT (equivalent to Hy : pj = p)

p=0.2 p=04
100 o 100 -
80 80
60 60
40 40
20| S 20
00 0.05 01 00 0.05 0.1
B B
p=0.8
100 -
80
60
40
201 .
0

0 0.05 0.1
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ALTERNATIVE STRATEGY
» Are diagnostic
goodness-of-fit tests
necessary?
YES NO

» Strategy of including
alternative models
within a model set and
performing step-wise
model selection
procedure using score
tests (McCrea and
Morgan, 2011)

? heterogeneity

transience

model set
trap-effects

model selection
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HUMPBACK WHALE APPLICATION

Model Code Model k s P

A0 ¢(),p(") 2

Al &(1), () 7478 044
A2 é(trans),p(-) | 3 580 0.02
A3 6(-), p(t) 7222 0.82
A4 &(-), p(trap) 3 159 021
BO o(trans), p(-) 3

B1 d(trans=t),p(-) | 12 12.53 0.19
B2 o(trans), p(t) 8 3.69 059
B3 ¢(trans), p(trap) | 4  0.81  0.37
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HUMPBACK WHALE APPLICATION

Model Code Model k s P

A0 ¢(),p(") 2

Al &(1), () 7478 044
A2 é(trans),p(-) | 3 580 0.02
A3 6(-), p(t) 7222 0.82
A4 &(-), p(trap) 3 159 021
BO o(trans), p(-) 3

B1 d(trans=t),p(-) | 12 12.53 0.19
B2 o(trans), p(t) 8 3.69 059
B3 ¢(trans), p(trap) | 4  0.81  0.37

» Transience is an important biological feature in this
population
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CAPTURE HETEROGENEITY

» Not all individuals in a study will have the same
probability of capture

» Failing to account for capture heterogeneity can bias other
model parameters

Anthill population size

Ayre (1962) estimated an anthill population to be 109 when
there were known to be more than 3,000 ants in it.
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CAPTURE HETEROGENEITY

» Not all individuals in a study will have the same
probability of capture

» Failing to account for capture heterogeneity can bias other

model parameters

Anthill population size

Ayre (1962) estimated an anthill population to be 109 when

there were known to be more than 3,000 ants in it.

» Existing diagnostic goodness-of-fit tests lack the power to

detect capture heterogeneity

» Aim: develop more powerful method to detect capture

heterogeneity without model fitting.



INTRODUCTION (GOODNESS-OF-FIT SCORE TESTS CAPTURE HETEROGENEITY EXTENSIONS CONCLUSIONS
00000 00000 0000 0@®0000000000 00 000
I

TEST OF POSITIVE ASSOCIATION

» If some animals have a higher capture probability than
others, they will be seen more often.

» At a given capture occasion, animals with a high number of

previous encounters will probably have a high number of
future encounters.
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TEST OF POSITIVE ASSOCIATION
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o O
— O
_= O
o O

O =
O =
o =
O =
—_

S =




INTRODUCTION GOODNESS-OF-FIT SCORE TESTS CAPTURE HETEROGENEITY EXTENSIONS CONCLUSIONS

00000 00000 0000 000®00000000 00 000
I

TEST OF POSITIVE ASSOCIATION
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» Condition on first release and known to be alive
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TEST OF POSITIVE ASSOCIATION

99 |1 [N

1 1
ID100 O 0 1 O

1
0 1 0
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» Calculate the proportion of previous and future captures
from occasion i(= 5)



INTRODUCTION GOODNESS-OF-FIT SCORE TESTS CAPTURE HETEROGENEITY EXTENSIONS CONCLUSIONS
00000 00000 0000 000080000000 00 000

TEST OF POSITIVE ASSOCIATION

1
0 1 0

99 |1 [N

1 1
IDiooj0 0 1 O

ol «

0 0
1 0

» Calculate the proportion of previous and future captures
from occasion i(= 5)

» Previous encounters for ID99: 2/4
» Future encounters for ID99: 2/2
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TEST OF POSITIVE ASSOCIATION

ID99 | 1 1 1
ID100 |0 0 1 0

= O
o O

o =

v

Calculate the proportion of previous and future captures
from occasion i(= 5)

v

Previous encounters for ID99: 2/4
Future encounters for ID99: 2/2
Previous encounters for ID100: 0/2
Future encounters for ID100: 1/3

v

v

v
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|
1ID99 | 1 1 0 O
ID1I00 |0 0O 1 1 0
» Rank the proportions:
Previous Future
ID99 | 2/4 2 2/2 2
Ib1o0 {0/2 1 1/3 1
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GOODMAN-KRUSKAL’S GAMMA

» This statistic is based on the pairs of discordant and

concordant observations: v = %.

» A pair of individuals is concordant if the observation
ranking higher (lower) for the previous encounters, also
ranks higher (lower) for the future encounters.

» In the example animal ID99 is ranked higher than animal
ID100 for the previous and future encounters, and therefore
form a concordant pair.
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GOODMAN-KRUSKAL’S GAMMA

» This statistic is based on the pairs of discordant and

concordant observations: v = %.

» A pair of individuals is concordant if the observation
ranking higher (lower) for the previous encounters, also
ranks higher (lower) for the future encounters.

» In the example animal ID99 is ranked higher than animal
ID100 for the previous and future encounters, and therefore
form a concordant pair.

» In the case of heterogeneity in capture, we expect a high
number of concordant pairs.

» One-sided test for v > 0.
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POWER TO DETECT CAPTURE HETEROGENEITY

Table: Percentage of significant tests (250 simulation runs) for 2000

individuals
Simulation Occasion
scenario 3 4 ) 6 7
No heterogeneity 0.8 0 0 0 0.4
Binomial mixture 86 99 100 100 98.4
Survival heterogeneity | 1.2 04 04 04 04
Trap-happiness 32 16 4 5.2 8
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POWER TO DETECT CAPTURE HETEROGENEITY

Table: Percentage of significant tests (250 simulation runs) for 500
individuals

Simulation Occasion
scenario 3 4 ) 6 7
No heterogeneity 1.2 1.2 0.8 04 0.8
Binomial mixture 36 48 66 59 44
Survival heterogeneity | 0 2.82 1.2 04 1.2
Trap-happiness 1.5 04 08 32 12
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POWER TO DETECT CAPTURE HETEROGENEITY

Table: Percentage of significant tests (250 simulation runs) for 500

individuals
Simulation Occasion Global
scenario 3 4 5 6 7 test
No heterogeneity 1.2 12 08 04 0.8 0.8
Binomial mixture 36 48 66 59 44 86.4
Survival heterogeneity | 0 2.82 1.2 04 1.2 24
Trap-happiness 1.5 04 08 32 1.2 2.4

» Cannot pool the tests as the tests are not independent

» If little temporal variation is expected, one may consider a
global test using only the most informative occasion for

each animal

» This would be the middle occasion between first and last

capture
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(GREAT CORMORANT APPLICATION

» Capture heterogeneity is » Existing diagnostic
suspected in this data set goodness-of-fit tests have
due to the nesting habits not been conclusive.

of the birds and sampling
protocol of the study.

Table: Test of positive association

Capture occasions P
3 -

4 0.226

5 0.194

6 0.108

7 0.022

8 0.186

Global 0.030
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MULTI-STATE CAPTURE-RECAPTURE MODEL

The CJS model can be easily extended for multi-state
capture-recapture data:

»AO0OO0OBO
»BBOBA
»00AOB
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MULTI-STATE CAPTURE-RECAPTURE MODEL

The CJS model can be easily extended for multi-state
capture-recapture data:

»AOOBO
»BBOBA
»00AOB
> ...
The parameters for the model are now:

» ¢¢(r): probability an individual alive and in state r at
occasion t survives until occasion ¢t + 1

» (7, s): probability an individual alive and in state r at
occasion ¢t moves to state s by occasion ¢+ 1

» p.(s): probability an individual in state s at occasion ¢ is
captured
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MOVER-STAYER SCENARIO

» Exploring whether adapted versions of the test of positive
association can be used to detect heterogeneity in transition

» Calculate the number of transitions made rather than the
number of captures, conditioning on the number of times
an individual is captured
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MOVER-STAYER SCENARIO

» Exploring whether adapted versions of the test of positive
association can be used to detect heterogeneity in transition

» Calculate the number of transitions made rather than the
number of captures, conditioning on the number of times
an individual is captured

» Simulation results look promising so far

» Application to Canada goose data set gives a significant
results (P=0.0008)
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CONCLUSIONS

» Some diagnostic goodness-of-fit tests are in fact score tests

» An alternative approach could be taken which directly
incorporates the departures from model assumptions
within the model selection step
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CONCLUSIONS

» Some diagnostic goodness-of-fit tests are in fact score tests

» An alternative approach could be taken which directly
incorporates the departures from model assumptions
within the model selection step

» Existing diagnostic tests lack the power to detect capture
heterogeneity

» Proposed a new approach using a test of positive
association

» Test works well on simulated and real data

v

A global test can be implemented
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CONCLUSIONS

» Some diagnostic goodness-of-fit tests are in fact score tests

» An alternative approach could be taken which directly
incorporates the departures from model assumptions
within the model selection step

» Existing diagnostic tests lack the power to detect capture
heterogeneity

» Proposed a new approach using a test of positive
association

» Test works well on simulated and real data

» A global test can be implemented

» Possible to extend the test to detect mover-stayer
behaviour in multi-state capture-recapture data
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FURTHER WORK

» Heterogeneity in survival difficult to detect as time of
death is not known - possible development with
ring-recovery data

» Mixture models are a special case of a more general class of
models, multievent models

» Develop diagnostic tests for multievent models and propose
sensible model selection strategy
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