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A GENERAL APPROACH TO TEMPORARY EMIGRATION IN
MARK-RECAPTURE ANALY SIS
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Abstract. During mark—recapture studies of open populations, animals often tempo-
rarily emigrate from study areas. Such temporary emigration can cause biased estimates
of survival probabilities. We present anew statistical method to estimate survival probability
from the capture histories of marked individuals in the presence of temporary emigration.
This method uses stage-structured models that include one or more stages representing the
individuals that have temporarily emigrated. Although not all parameters can be estimated
in such stage structures, some important parameters are still estimable. Here, we determined
the estimability of parameter values from the rank of the Jacobian of the likelihood function.
We applied the temporary-emigration mark—recapture method to artificial data, representing
various life histories and demonstrated consistency between actual and estimated values.
As an example, we used the method to analyze data on reproductive female North Atlantic
right whales. The method presented in this paper will be especially useful for studies of
seabird, sea turtle, and marine-mammal populations where individuals are sampled only
on their breeding grounds.

Key words:  capture—recapture studies; multi-stage mark—recapture method; North Atlantic right
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INTRODUCTION

In mark—recapture studies, survival probability ises-
timated from capture histories of individual ly identified
animals. Those histories contain information on wheth-
er or not each individual was captured at each sampling
occasion. The analysis assumes that all individuals
have identical capture probabilities. This assumption
is violated when some individuals temporarily leave
the sampling area and return during subsequent sam-
pling occasions. We refer to this as *‘temporary emi-
gration.” The capture probability of theindividual sthat
have emigrated is zero, whereas the rest of the indi-
viduals that are alive have a nonzero capture proba-
bility. Therefore, assuming that all individuals have the
same capture probability, regardless their location, re-
sults in under- and overestimation, respectively, of the
capture probability for individuals inside and outside
the sampling area. The biased capture probability es-
timate often biases survival probability estimates.

The temporary-emigration process that we consider
in this paper is deterministic; i.e., we assume that all
animals in the sampling area emigrate, with probability
1, before the next sampling occasion. This type of tem-
porary-emigration processis common during immature
stages and between reproductive events. We refer to
these as the *““immature-emigration process” and ‘‘in-
ter-birth emigration process,” respectively. For ex-
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ample, albatrosses (Diomedeidae spp.) leave their
breeding islandsimmediately after fledging (immature-
emigration process) and do not return for 5-15 yr. Once
they return, they are recaptured only when they breed
(inter-birth emigration process; Weimerskirch et al.
1997). Similarly, grey seals (Halichoerus grypus) are
marked when young, but cannot be recaptured before
they mature (immature-emigration process; Schwarz
and Stobo 2000). Right whales (Eubalaena sp.) are
monitored at their calving ground; they leave this area
after reproduction and return at intervals of several
yearsfor calving (inter-birth emigration process; Payne
et al. 1990). Similarly, seaturtles are often individually
identified only at their natal beach when they come
back to lay their eggs (inter-birth emigration process).

Deterministic temporary emigration isdifferent from
permanent emigration and purely random temporary
emigration, which are also common. Permanent emi-
gration occurs when animals leave the sampling area
and never come back. In the usual mark—recapture anal-
yses, permanent emigration either is assumed to be a
part of mortality as aloss from a population (e.g., Le-
breton et al. 1992) or is assumed not to occur (e.g.,
Fujiwara and Caswell 2001). In purely random tem-
porary emigration, individuals leave and return inde-
pendently of their location at the previous sampling
occasion. This type of temporary emigration occurs
commonly when only a part of a habitat is sampled.
When mark—recapture methods are applied to a pop-
ulation exhibiting purely random temporary emigra-
tion, the estimated capture probability is the product
of the probability that individuals are in the sampling
areaand the probability that individual s within the sam-
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pling area are captured. However, survival probability
is not affected by the emigration process (Brownie et
al. 1993).

In this paper, we show how to estimate survival prob-
ability and other demographic transitions in the pres-
ence of deterministic temporary emigration. Our meth-
od includes location (temporarily emigrated or not) as
a property of the individual, and uses a multi-stage
mark—recapture method. Our approach is related to the
methods used by Arnason (1972, 1973) and Hestbeck
et al. (1991) to estimate movement rates, but applies
to populations that exhibit temporary emigration. Be-
cause individuals that have emigrated are unobserv-
able, the capture history data usually do not contain
enough information to estimate all parameters sepa-
rately. In order to add necessary information, we in-
troduce constraints among the parameters. These con-
straints may be based on biologically reasonable mod-
els (e.g., that temporary emigration does not influence
survival), or may be provided by independent estimates
of some parameters from other data sets. The con-
straints reduce the number of parameters to be esti-
mated and allow us to estimate all of the remaining
parameter values separately. The possibility of mod-
eling mark-recapture data with stage structures that
contain unobservable stages was suggested by Lebre-
ton (1995). Here, we apply the idea to populations that
exhibit the two types of temporary emigration, and we
analyze the estimability of parameters. Our results gen-
eralize those of Clobert et al. (1994), Lebreton et al.
(1999), and Pradel and Lebreton (1999) in that we ap-
ply the method to inter-birth temporary emigration, an-
alyze more general cases of immature temporary em-
igration, and use a formal method to determine esti-
mable parameters.

As usual, estimating stage-specific transition and
capture probabilities involves constructing an appro-
priate stage structure, expressing the likelihood func-
tion in terms of the parameters, and finding the best-
fit parameter values using maximum likelihood (e.g.,
Nichols et al. 1992, Fujiwara and Caswell 2002). The
likelihood function can be written down directly using
Markov chains that specify transition probabilities
among stages, assuming independence of fates among
individuals, i.e., assuming that the number of outcomes
falling into the possible capture history sequences is
multinomial (Caswell 2001, Fujiwara and Caswell
2002). This likelihood can be maximized numerically
to find the best-fit parameter values. This method al-
lows simple programming using software such as
MATLAB (MATLAB 1999). Alternatively, in many
but not all cases, parameters can be estimated using
software that is specifically designed for mark—recap-
ture analyses, such as MARK (White and Burnham
1999), MSSURVI1V (Hines 1994), and SURVIV (White
1983).
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FiGc. 1. Interbirth temporary-emigration stage structures.

(a) General stage structure. (b) Stage structure with k = 1
(this represents the temporary emigration of Wandering Al-
batross [Models 1.1, 1.2, and 1.3]). (c) Stage structure with
k = 2 (this represents the temporary emigration of the right
whale [Models 2.1, 2.2, and 2.3]). Parameters for these stage
structures are ¢;; (a transition probability from stage i to j)
and p, (a capture probability of stage 1). Stages other than
stage 1 have a zero recapture probability. Arrows indicate
transitions from stage i to j with probabilities ¢;; over time t
tot + 1. Stage 1 is a breeding adult; stage k is a mature stage.
The value of k depends on the minimum inter-birth interval.

TEMPORARY-EMIGRATION STAGE STRUCTURES

Figs. 1 and 2 show examples of life cycle graphs
including temporary emigration. Each arrow indicates
a possible stage transition fromtimettot + 1 and has
a transition probability associated with it. We denote
the transition probability from stage i to j by ¢;. It
should be noted that the subscripts for the transition
probability are reversed from the traditional notation
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(e.g., Arnason 1973, Hestbeck et al. 1991) so that they
indicate the entry in a matrix population model (e.g.,
Caswell 2001) and the column stochastic transition ma-
trix used in Fujiwara and Caswell (2002). Individuals
in a capturable stage have a nonzero probability of
being recaptured. This probability is denoted by p, for
stage i.

The stage structure for the inter-birth emigration pro-
cess (Fig. 1a) includes a breeding adult stage (stage 1)
in which individuals can be recaptured with a proba-
bility p;, and k — 1 adult stages between breeding
events in which individuals cannot be recaptured. The
value of k depends on the minimum inter-birth interval.
For example, Wandering Albatrosses never breed suc-
cessfully in two consecutive years (Weimerskirch et al.
1997). Those that give birth in one year will be missing
from the breeding ground in the following year. After
two years, they return to the breeding ground with some
probability that is independent of age. Therefore, k =
2 for Wandering Albatross (Fig. 1b). Similarly, indi-
vidual right whales do not give birth for at least two
years after successful reproduction, so k = 3 for the
right whale (Fig. 1c).

The stage structure for the immature-emigration pro-
cess (Fig. 2a) contains a newborn stage (stage 0) in
which individuals are first captured and marked, k —
1 immature stages (stage 1 through k — 1) in which
individuals cannot be captured due to temporary em-
igration, and a mature stage (stage k) in which indi-
viduals can be captured with a probability p,. If k >
1, the first k — 1 stages (i.e., newborn and the first k
— 2 immature stages) represent individuals that cannot
mature before the following sampling period, and these
stages also correspond to ages of individuals. Stage k
— 1 may mature (with probability &, ), remain im-
mature (with probability ¢, ;. 1), or die (with proba-
bility 1 — (dby 161 + drx_1)). FOr example, grey seals
do not give birth before reaching age 4 years (Schwarz
and Stobo 2000). Therefore, an appropriate stage struc-
ture for them is one with k = 4 (Fig. 2b). Similarly,
albatrosses do not mature before reaching the age of 5
years (Weimerskirch et al. 1997); therefore, k = 5in
their stage structure (Fig. 2¢c). When k = 1, the stage
structure does not contain a separate immature stage
(i.e., newborn and immature stages are the same), and
newborn individuals can mature directly or remain im-
mature. In this stage structure, immature individuals
can be marked but cannot be recaptured; therefore, they
still exhibit temporary emigration. These stage struc-
tures include as special cases the model of Clobert
1994, but relax their assumption of a maximum age in
the immature stage.

Other population parameters (e.g., stage-specific sur-
vival probabilities, stage-specific probabilities of
death, and probabilities of breeding) can be calculated
from the ¢;. For example, the stage-specific survival
probability (s) is given by 3; ¢; and the stage-specific
probability of death is given by 1 — 3 ¢;;. In the im-
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Fic. 2. Immature temporary-emigration stage structure.

(a) General stage structure (k = 0 isthe newborn stage; other
stages and transition probabilities are defined in Fig. 1). (b)
Stage structure with k = 4 (this represents the temporary
emigration of the grey seal [Models 3.1, 3.2, 3.3, 3.4, and
3.5]). (c) Stage structure with k = 5 (this represents the tem-
porary emigration of Wandering Albatross [Models 4.1, 4.2,
4.3, and 4.4]). Parameters for these stage structures are d;;
(the transition probability from stage i to j) and p, (the re-
capture probability of the mature stage). Stages other than
stage k have a zero recapture probability.

mature-emigration model, the breeding probability,
conditional on survival of individuals in stage k — 1
(we denote this probability by v), is

ll} — d)k,k—l .
d)k,k—l + d)k—l,k—l
We will show how to calculate some other population

indices in the section on right whales. More details can
be found in (Caswell 2001).

@
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EsTIMABILITY OF PARAMETERS

Unfortunately, some of the parameters in the stage
structures for temporary-emigration processes may not
be estimable, because of the lack of observations of
the emigrated stages. In general, whether best-fit pa-
rameter values can be found uniquely or not depends
on how the parameters appear in the likelihood func-
tion. If two or more parameters are confounded (i.e.,
they appear only in the same arithmetic form through-
out the likelihood function), they cannot be estimated
separately. The solution is to impose constraints on the
parameters by specifying a model for the relationships
among them.

Confounded parameters may result from model spec-
ification (intrinsic identifiability problem) or a lack of
variation among observed data (extrinsic identifiability
problem; McCullagh and Nelder 1989). When param-
etersareintrinsically confounded, the only way to elim-
inate the problem is to constrain parameters or modify
the stage structure so that other useful parameters can
be estimated separately. When parameters are con-
founded because of lack of variation among observed
data, the solution is to constrain parameters, modify
the stage structure, or increase the sample size. We will
show how to determine whether or not a model has the
intrinsic and extrinsic identifiability problems in the
next section and give examples in the sections on Es-
timable parameters in temporary-emigration models
and Bias caused by temporary emigration.

Determining estimability of parameters

Whether parameters are confounded in the likelihood
function or not can be determined using the method of
Catchpole and Morgan (1997). Their method uses the
Jacobian matrix, which contains the derivatives of the
likelihood functions with respect to parameters. If the
rank of the Jacobian equals the number of parameters,
then all parameters can be estimated separately. Here,
we give a heuristic description of the method as it
applies to temporary-emigration models; for details,
see Catchpole and Morgan (1997).

We start with data consisting of capture histories of
n individuals. The contribution of individual i to the
likelihood function is proportional to the probability of
its capture history. Let |, be this contribution and as-
sume that the model contains m parameters (X;, Xy, - - - ,
X.). Then, I; is a function of the parameters,

» X 2

Taking the partial derivatives of the function |; with
respect to the parameters results in

i = fi(x, X - - .

d; = a—fidx1 + 6—fidx2 + o
9%, 0%,

af,
ol )

m
Because the data consist of n captured individuals, n
such functions exist. In a vector notation, they are:
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dl = Jdx (4)
where
dl = (dl, d, di d)T

dx = (dx, dx, dx.,)"
of, of, | ofio
X, 0%, X
foof, o
X, 0%, X
YT afy o ofD
X, 0%, X
i, af, ot
X, 0%, X

Here, J isthe Jacobian matrix of the likelihood function
with respect to the parameters. Eq. 4 is a system of
linear equations with J as a coefficient matrix. For x
to be estimated uniquely, the Jacobian matrix must map
dx to dl uniquely. This requires that the rank of the
Jacobian matrix be m (i.e., columns of the Jacobian
matrix must be independent). Therefore, if the rank of
J is equal to the number of parameters, values for the
parameters can be estimated separately using the max-
imum likelihood method. Otherwise, some parameters
cannot be estimated separately, and the number of pa-
rameters that can be estimated separately is given by
the rank of J.

If multiple individuals have the same capture history
sequence, the likelihoods associated with their capture
histories are the same. Therefore, only one such copy
needs to be included in the likelihood vector, and the
duplicated likelihoods can be eliminated. If we do the
analysis assuming that every possible capture history
is observed at least once for each stage structure, then
this analysis can be used to detect intrinsic identifia-
bility problems. On the other hand, if we use likelihood
associated with the avail abl e capture history sequences,
the analysis can be used to detect extrinsic identifia-
bility problems.

An example of the Jacobian method

As an example, we apply the method just described
to the inter-birth emigration model with k = 2 (Fig.
1b). We assume that all individuals are marked at the
first sampling occasion and that there are four subse-
quent sampling occasions for recaptures (i.e., five cap-
ture occasions). Under these assumptions, there arefive
possible capture histories:

h, = 10101  h,

10100  h, = 10001

h, = 10010  hy = 10000

where 1 indicates that an individual was captured and
0 indicates that it was not captured.
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TaBLE 1.
for the 15 temporary emigration models.
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Parameter constraints, number of parameters, and the rank of the Jacobian matrix

Parameters
set to No. Rank
Species and known para- of Ja-
model Constraints on survival probabilities values meters cobian
Albatross (Fig. 1b)
Model 1.1 none none 4 3
Model 1.2 none p; 3 2
Model 1.3t boy = G + by none 3 3
Right whale (Fig. 1c)
Model 2.1 none none 5 3
Model 2.2 none [N 4 2
Model 2.3t by = Py = Giz + bag none 3 3
Grey seal (Fig. 2b)
Model 3.1 none none 6 3
Model 3.2t b10 = by = by = (g + dyg) = bus none 3 3
Model 3.3t bio = dbpy = by = (bgs + da) Pa 3 3
Model 3.4t by = dbap = (g T bag) = buy Pa 3 3
Albatross (Fig. 2c)
Model 4.1 none none 7 3
Model 4.2t bio = b = bz = baz = (dag + bsg) = dss none 3 3
Model 4.3t bio = dpy = by = duz = (bay + bsi) Ps 3 3
Model 4.4t oy = oo = bz = (bug T dsg) = bes Ps 3 3
Model 4.5t logistic model Ps 3 3

Note: Definitions: ¢;; is the transition probability from stage i to stage j; p; is the capture

probability for stage i.

T Values of all of the free parameters are estimable.

¥ See Egs. 10-17.

The likelihood functions corresponding to these cap-
ture histories are:

I, = pib5d3, )
I, = pidadbi, — Pid3.d%, (6)
I3 = [$5d(1 — ) + dud]dnp (7)

ly = Piboadbabip[do + (1 — dy)] 8)
=1—1,—1,—I;— I, )

A likelihood function can be determined by creating a
list of event sequences that could lead to the capture
history, calculating the probability of the sequences,
and then summing the probabilities. For example, h,
can only arise for an animal that makes the transition
back to stage 1 immediately after each observation oc-
casion in stage 2, and is observed on each occasion
when it is in stage 1. The corresponding likelihood
function (Eq. 5) is simply the product of this unique
sequence of transition and recapture probabilities, with
some collection of terms. Likelihood functions I,
through |, are more complicated because more than one
sequence of events can lead to the observation se-
quence h, through h,. For example, h, could arise from
an animal that remained in stage 2 during sampling
occasions 2—4 and then made the transition to stage 2
for sampling occasion 5 and was recaptured. However,
this sequence could also arise if the animal went
through the same stage transitions that produced h;, but

was not recaptured during sampling occasion 3. We
calculate |5 simply as the probability that capture his-
tories h; through h, do not occur.

There are four parameters (p;, ¢, G, and ¢,,) and
five likelihoods; therefore, the Jacobian isa 5 X 4
matrix. Its rank is the number of independent columns
in J. The Jacobian and its rank can be found easily
using software for symbolic calculations; we used the
SYMBOLIC MATH TOOLBOX in MATLAB (MAT-
LAB 1999). Therank of the Jacobian is 3, so only three
of the four parameters can be estimated separately;
therefore, this model has an intrinsic identifiability
problem. This does not necessarily imply that any three
parameters can be estimated; we include a discussion
on which three parameters can be estimated in the next
section.

EsTiIMABLE PARAMETERS IN TEMPORARY -
EMIGRATION MODELS

To evaluate the estimability of parametersin selected
temporary-emigration models, we applied the Jacobian
method to 15 models based on the four stage structures
in Figs. 1b, c and 2b, c. Table 1 lists the models and
also shows (1) constraints on transition probabilities,
(2) parameters with values that are assumed to be
known, (3) the number of parameters to be estimated,
and (4) the rank of the Jacobian matrix. After we im-
pose constraints and eliminte known parameters, all of
the remaining parameters become estimable in some
models.



December 2002

Consider the inter-birth emigration model of Wan-
dering Albatross (Fig. 1b; k = 2). Adults can be cap-
tured on the breeding grounds, but then disappear until
they next breed. If no constraints are placed on the
parameters (Model 1.1), the rank of the Jacobian is 3,
SO we can estimate at most only three of the four pa-
rameters. However, this does not imply that any three
parameters can be estimated. For example, if p, is
known independently (Model 1.2), the number of pa-
rameters is reduced to 3, but the rank of the Jacobian
is reduced to 2. On the other hand, we can fit a model
that assumes that survival probability of breeding and
nonbreeding adults is the same, which implies the con-
straint &, = ¢, + b,y (Model 1.3). In this model, both
the number of parameters and the rank of the Jacobian
are 3, indicating that all three parameters can be esti-
mated.

For the inter-birth emigration model of the right
whale without constraints (Model 2.1), the rank of the
Jacobian is 3, whereas the number of parametersis 5.
If we assume that survival probability is unaffected by
reproduction (b, = ¢ = b3 + g3 Model 2.3), both
the rank of the Jacobian and the number of parameters
become 3, indicating that all of the three remaining
parameters (45, ds3, and p,) can be estimated.

For the immature-emigration model of the grey seal
without constraints (Model 3.1), the rank of the Ja-
cobian is 3, whereas the number of parameters is six.
While keeping the rank of the Jacobian at 3, we can
reduce the number of parameters to three in several
ways, depending on assumptions on how mortality
varies among the emigrated stages. Here, we show
some specific examples. Model 3.2 assumes that sur-
vival probabilities of all stages are the same. Under
this assumption, the three parameters &g, ¢4, and p,
can be estimated separately, which also provides es-
timates of the survival of other stages (¢,;, ¢, and
bas). The next two models use an independent estimate
of the capture probability of stage 4 (p,). This permits
estimation of an extra survival probability. For ex-
ample, Model 3.3 assumes that all immature stages (0,
1, 2, and 3) have the same survival probability, which
may differ from that of adults (stage 4). Model 3.4
assumes that the survival of newborn individuals (stage
0) may differ from that of all other stages.

The capture probability p, required for Models 3.3
and 3.4 could be obtained using Pollock’s robust design
(Pollock 1982) if multiple samples of the mature in-
dividuals are collected within each primary sampling
occasion, or by using a Cormack-Jolly-Seber type
mark—recapture method (e.g., Burnham et al. 1987, Le-
breton et al. 1992) if capture histories of the mature
individuals over multiple sampling occasions are avail-
able. The latter method is used by Clobert et al. (1994)
to estimate survival probability and age-specific breed-
ing probability. This method also provides a separate
survival probability estimate for the mature stage (db.,).
This survival probability could also be provided in
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these models, reducing both the number of parameters
and the rank of the Jacobian by one.

The situation for theimmature temporary-emigration
models for Wandering Albatrossis the same asthe grey
seal models. After reducing the number of parameters
by assuming that survival probabilities of all stages are
the same (bz = bz = duz = dus + sy = bss; Model
4.2), we can estimate all remaining parameters (b,
bssr Ps). Alternatively, different distributions of sur-
vival probability during temporary emigration can be
used. Model 4.3 assumes that survival probability is
the same for the first four stages (b, = dbgp = dug =
b + bsy), and a separately estimated capture proba-
bility (ps) is provided. Then we can estimate the re-
maining three parameters (¢4, dss, and dbgg). Similarly,
Model 4.4 assumes that survival probability isthe same
for the last four stages (dbg; = bag = by + dsy = bss)
and ps is provided. Then we can estimate ¢,,, ¢,,, and
b5, Separately. This result suggests that the length of
temporary emigration in our immature-emigration
model does not change the number and types of pa-
rameters that can be estimated.

Another approach to constraining parameters in the
immature-temporary-emigration models is to write the
survival probability as a parametric function of the
stage and estimate the parameters in that function. For
example, with the stage structure of Wandering Alba-
tross, we might model the survival probability as a
logistic function of age with the last immature stage
and mature stage having the same survival probability.
In many organisms, survival probability increaseswith
age; therefore, this model may be realistic in many
cases. Let s be the survival probability of individuals
in stage i; then:

exp(y + 8i)

_ &P o) gi_o .4
1+ eply + o) =0

(10)
where y and § areintercept and slope parameters. From
the survival probability, transition probabilities can be
calculated as:

b1 = S (12)
by =5 (12

(13)
bz = S (14)
bu = (1 - P)sy (15)
sy = Usy (16)
dss = S 17)

where s is the probability of transition from stage 4 to
stage 5 conditional on survival. If ps is known, the rank
of the Jacobian is 3, permitting estimation of v, 3, and
s separately.
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TaBLE 2. Actual and mean of estimated parametersfor mod-
els 1.3, 2.3, 3.4, 4.2, and 4.5.

Model and Mean estimate
parameter Actual value (1 sD)
Model 1.3

o 0.80 0.79 (0.09)

b 0.40 0.38 (0.08)

03P 0.50 0.52 (0.08)
Model 2.3

P, 0.90 0.90 (0.06)

g 0.30 0.30 (0.06)

bis 0.60 0.60 (0.05)
Model 3.4

oA 0.90 known

dio 0.50 0.50 (0.10)

g 0.40 0.40 (0.08)

bas 0.50 0.51 (0.08)
Model 4.2

Ps 0.80 0.80 (0.02)

bas 0.45 0.45 (0.06)

O 0.50 0.50 (0.06)
Model 4.5

Ps 0.80 known

v 1.3863 1.40 (0.36)

3 0.3895 0.39 (0.13)

i\ 0.4737 0.46 (0.07)

Note: Results are based on simulating 1000 replicate data
sets.

Bias CAUSED BY TEMPORARY EMIGRATION

To examine the bias of the estimates, we applied
Models 1.3, 2.3, 3.4, 4.2, and 4.5 (shown in Table 1)
to simulated data. Each simulated data set contained
75 individuals marked at the first sampling occasion.
For each individual, the stage at the next sampling
occasion was selected at random from the possible
states (including death), with probabilities given by the
column of the transition matrix corresponding to the
current stage. An individual in a capturable stage was
captured randomly with a probability equal to the cap-
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ture probability of that stage. For Models 1.3 and 2.3,
the data sets consisted of nine resampling occasions,
for Models 3.4, 4.2, and 4.5, sequences of 19 resam-
pling occasions were generated.

From the data, we estimated the parameters in the
corresponding model. This process was repeated to ob-
tain 1000 sets of parameter estimates. From the same
data, we also estimated survival probability under the
erroneous assumption that there was no temporary em-
igration, using the Cormack-Jolly-Seber method (Cor-
mack 1964, Jolly 1965, Seber 1965) with constant sur-
vival and capture probabilities.

Table 2 compares the values of parameters that were
used to generate data and the means of 1000 estimates
for the five models. Biases in both capture probability
and transition probability are very small. Model 1.3
performs most poorly, but even here, the survival prob-
ability (b, + ¢q,) appears to be without bias. On the
other hand, Table 3 compares actual values and the
means of 1000 estimates under the false assumption
that there was no temporary emigration. Assuming that
there was no temporary emigration while there was, in
fact, temporary emigration caused overestimations of
survival probability for Models 1.3 and 2.3 and un-
derestimations for most stages in Models 3.4 and 4.2,
showing that these biases are a serious problem.

In the preceding parameter estimation processes, we
were not always able to estimate parameters. Under
Models 1.3 and 2.3 with 75 marked individuals, ~14%
and 9%, respectively, of the numerical optimization
failed to converge. These appear to be primarily caused
by extrinsic identifiability problems as repeating the
analysis with 150 marked individuals reduced the in-
cidence of nonconvergence to 5% and 1%, respectively.

AN EXAMPLE: THE RIGHT WHALE

As an example, we apply our method to data on the
North Atlantic right whale (Eubalaena glacialis). This
is one of the most endangered mammal populations in

TABLE 3. Estimated capture and survival probabilities wrongly assuming no temporary em-
igration (simple Cormack-Jolly-Seber model with constant capture and survival probability).

Model and parameter

Actual value

Mean estimate (1 sp)

Model 1.3
Capture probability (p)
Survival probability (s)
Model 2.3
Capture probability (p)
Survival probability (s)
Model 3.4
Capture probability (p)
Survival probability (s)
Model 4.2

Capture probability (p)
Survival probability (s)

0.90

0.90

0.95

0.80 for stage 1

0.90 for stage 1

0.90 for stage 4

0.5 for stage 0; 0.9 for stage > 0

0.80 for stage 5

0.20 (0.02)
0.94 (0.02)

0.14 (0.01)
0.98 (0.01)

0.52 (0.05)
0.83 (0.03)

0.63 (<0.01)
0.72 (<0.01)

Notes: Data were generated assuming models 1.3, 2.3, 3.4, and 4.2. Results are based on

simulating 1000 replicate data sets.
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the world, currently consisting of fewer than 300 in-
dividuals. Thereis evidence to suggest that this number
isin slow decline because of declining survival prob-
ability (Caswell et al. 1999, Fujiwara and Caswell
2001). Right whales are found along the east coast of
the United States. In summer, they feed in the northwest
Atlantic, including Massachusetts Bay, Great South
Channel, Bay of Fundy, and Brown’'s Bank. In winter,
some females migrate to the coast of Florida and Geor-
gia for calving. Their inter-birth interval is 3-5 yr.

The capture-history data that we use here are based
on photographs taken by members of the North Atlantic
right whale consortium during annual surveys along
the east coast of the United States. Because right whales
have unique markings called callosity patterns on their
heads, individuals can be identified from photographs.
Based on these photographs, the New England Aquar-
ium has been accumulating capture history data of in-
dividuals since 1980. Here, we use only sightings of
mothers (i.e., females with their calf). We consider in-
dividuals to have been marked on the occasion of their
first identification as mothers, and to have been recap-
tured when they were resighted with a calf during a
subsequent year. If the data had actually been collected
in this way, females would exhibit an inter-birth tem-
porary emigration with an interval of at least three
years. This corresponds to the data structure in the
ongoing study of southern right whales (Eubalaena
australis) in their breeding ground off Peninsula Val-
des, Argentina (Payne et al. 1990).

We use the stage structure shown in Fig. 1c. This
stage structure is consistent with the fact that right
whales do not give birth for at least two years after
successful reproduction. Because previous analyses
have detected time variation in survival and transition
probabilities (Caswell et al. 1999, Fujiwara and Cas-
well 2001), we divided the datainto two periods, 1980—
1988 (t = 1) and 1989-1997 (t = 2). Transition and
survival probabilities are assumed to be constant within
each period. We further assume that the survival prob-
abilities are the same for all stages (Model 2.3). The
Jacobian indicates that this model, given the available
data, isidentifiable. Becauseindividualsin stage 3 have
three possible fates (remaining in stage 3, moving to
stage 1, and death), the probability of which must sum
to 1, the transition probabilities (b,; and ¢5;3) in each
period (t = 1, 2) were modeled with polychotomous
logistic equations:

exp(e,)
1+ exp(ay) + exp(B,)

exp(B.)
1+ exp(e,) + exp(B,)

o = (18)

oY = (19)
where «, and B, are the parameters to be estimated.
Because the model assumes that survival probabilities
of all stages are the same, ¢4} = 6§ = ¢ + Q. We
expressed the likelihood associated with the data using
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the method of Fujiwara and Caswell (2002), and the
negative log of the likelihood was numerically mini-
mized using MATLAB function ““‘fminu()’’ to estimate
the six parameters (p;, Pa @1, ®y, B, @and B,).

To compare the estimated parameters between the
two periods, in terms of demographic context, we cal-
culated survival probability as:

SO = o} + b (20)

We also calculated the number of reproductive events,
based on Markov chain theory:

RO = F(I — A®)-2 (21)
where

0 o

A0 = B&g{ 0 o0p (22)
00 % 640
bl 0 Og

F=EO 0 oﬁ 23)
M 0 OO

and | is the identity matrix. The value r,, gives the
expected number of future reproductive events from a
female that has just given a birth. More details of this
calculation can be found in Caswell (2001: Chapter 5).

Fig. 3 compares survival probability and the ex-
pected number of reproductive events between the two
periods. Error bars in the figures are point-wise 95%
cis based on a parametric bootstrap sampling proce-
dure. We drew bootstrap samples of the four parameters
aW, a@, O, and B@ from a multivariate normal dis-
tribution, with mean vector equal to the maximum like-
lihood estimates and covariance matrix cal culated from
the inverse of the last Hessian matrix obtained during
model fitting. We generated 1000 bootstrap samples
and, for each bootstrap sample of the parameters, the
survival probabilities and expected number of repro-
ductive events were calculated. The 95% confidence
intervals for these parameters were defined by the 2.5
and 97.5 percentiles of the simulated distributions.

As expected, Fig. 3 shows wide confidence intervals
for survival and reproductive events because of the
small sample size. However, the results suggest that
both survival and the expected number of reproductive
events have declined. This result is consistent with the
previous finding in Fujiwara and Caswell (2001), al-
though the declines revealed by the analysis of the full
data set are greater than those found here.

DiscussioN

Temporary emigration causes an extreme case of het-
erogeneity in capture probability. Temporarily emi-
grated individuals have zero capture probability,
whereas the rest of the individuals have a nonzero cap-
ture probability. Ignoring temporary emigration when
it exists leads to biased estimates of survival proba-
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Fic. 3. Analyses of North Atlantic right whale data. (a)
Survival probability of females that previously have given
birth at least once during periods between 1980 and 1988 and
between 1989 and 1997. (b) Expected number of future re-
productions during the lifetime of females that have given
birth at least once. Error bars indicate 95% confidence inter-
vals.

bility. By explicitly modeling the emigration process,
the method presented in this paper eliminates this bias.

The temporary-emigration problem is often encoun-
tered in sampling large animals such as seabirds, sea
turtles, and marine mammals. When the same problem
is encountered with smaller organisms such as fish or
insects, researchers may be able to eliminate the tem-
porary-emigration problem by experimental manipu-
lation. For example, it has been suggested that when
organisms can be marked and released into unobserv-
able stages in the inter-birth temporary-emigration
stage structures (e.g., Models 3.1 and 4.1), all of the
parameters may be estimated separately (G. White, per-
sonal communication). In such cases, the methods out-
lined here to determine the estimability of parameters
are still useful.

Our results are complementary to the approach of
Kendall et al. (1997) and Kendall (1999), who use Pol-
lock’s (1982) robust design method to deal with tem-
porary emigration. In their method, a closed-population
model is used to estimate capture probabilities, which
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are incorporated into an open-population model to es-
timate survival probabilities. This method has an ad-
vantage over our method in that it permits estimation
of survival probabilities that vary freely from one sam-
pling occasion to the next. The robust design method,
however, requires multiple secondary samplingswithin
each primary sampling period in order to obtain in-
formation on the capture probability. The method pre-
sented here does not require secondary sampling, al-
though it can be combined with the robust design meth-
od when such samples are available.

In this paper, we focused on two stage structures,
representing two different emigration processes, and
considered only selected constraints on the parameters.
We emphasize that the method can be applied to any
biologically interesting age- or stage-classified life cy-
cle, with any pattern of observed and unobserved stag-
es. Each such structure may admit several choices for
constraining parameters to make estimation possible.
Choosing biologically relevant constraints is part of
the data analysis process. We are certain that many
useful stage structures and parameter constraints exist
and are yet to be discovered.
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