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Abstract: Recently developed methods for analyzing
mark–recapture data allow simultaneous modeling of
information from a variety of animal encounters. Incorporating this extra information in an analysis requires
use of a more complicated model but can lead to improved precision of estimates. An important aspect of
such joint models is that movement of animals to and
from the banding site can be incorporated. This allows
relaxation of a restrictive assumption made about animal movement in the Cormack-Jolly-Seber model. We
review the theory behind joint analysis of mark–recapture data and illustrate application of the models using
data from mallard ducks (Anas platyrhynchos), paradise shelducks (Tadorna variegata), and common
goldeneye ducks (Bucephala clangula).
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Reliable decision-making on the management and
conservation of biological populations depends on the
availability of good information. Knowledge of survival probabilities in particular is needed as an indicator of population status and to understand population
dynamics (Caughley 1977, Lebreton et al. 1992, Clobert
1995). Survival probabilities are typically estimated
using mark–recapture studies, but these studies usually require a substantial commitment of time and
money to generate reliable data. Moreover, data in
mark–recapture studies are obtained through reencounters of marked animals following release, but
the number and type of re-encounters is not directly
controlled by the researcher. Instead, recapture data
represent the outcome of random recapture and tagrecovery processes.
Following release, information may be provided by
marked animals in 3 ways: (1) live-recapture of animals during marking operations; (2) recovery of marks
from animals found dead between marking occasions;
and (3) reported sightings (alive) of marked animals
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between marking occasions. Most studies are designed
so that just 1 type of data provides the primary information for the construction of a mark–recapture model.
However, these multiple sources of information on
marked animals can be exploited in the analysis phase of
the study to increase precision of key parameter estimates (Catchpole et al. 1998) and to relax assumptions.
Historically, 2 distinct models have dominated
analyses of mark–recapture data for open animal populations. First is the Jolly-Seber (JS) model (Jolly
1965, Seber 1965), used to estimate abundance, or the
Cormack-Jolly-Seber (CJS) model, used in survival
probabilities only (Cormack 1964). In the JS and CJS
models, data are obtained from the recapture of
marked animals at subsequent marking or recapture
occasions. These activities may be either the liverecapture of animals during trapping operations or live
resightings over a short time period during which the
population is assumed closed. An important assumption of the JS model is that if animals leave the study
population, they do so permanently. Under this
assumption, the JS survival probability is a confounded parameter representing the joint probability that the
animal survived and did not emigrate between sampling times i and i+1.
Permanent emigration is often listed as an assumption for the CJS model; however Burnham (1993) has
shown that in the CJS model permanent emigration is
indistinguishable from random emigration. Under
random emigration, an animal may leave the population segment where it is at risk of capture and later
return. However, the probability that the animal is at
risk of capture on a particular marking occasion does
not depend on whether it was at risk of capture on earlier marking occasions. Under random emigration, the
CJS survival parameter represents a true survival rate
and the capture probability and movement probabilities are confounded (Burnham 1993).
The second major type of mark–recapture model
arises as an important restricted version of the CJS
model and is appropriate when recaptures of marked
animals are obtained through recovery of dead animals.
These so-called band recovery models (Brownie et al.
1978, 1985) allow encounters of dead animals (band
recoveries) to occur continuously through time and
throughout the study area. Regular releases of marked
animals must be made during the study so that survival
probabilities can be estimated. The process of trapping new animals for marking provides opportunities
for recapturing previously marked animals.
Live-recaptures in band recovery studies have traditionally been ignored, partly because of the apparent
technical difficulties in simultaneously modeling the 2
data types and partly because in many band recovery
studies, live-recapture during trapping has been uncommon. In some studies, the number of live recaptures
may be substantial. This is true for relatively sedentary
animal populations such as New Zealand waterfowl.
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This situation was anticipated by Jolly (1965:239)
when he considered his solutions to the JS model. He
suggested that the recapture statistics used in the capture and survival probability estimators be augmented
by resightings of animals obtained between capture
occasions. Buckland (1980) adopted this suggestion in
his modified analysis to incorporate recoveries of dead
animals, however, except for Buckland’s article there
has been little follow-up to Jolly’s (1965) suggestion.
Mardekian and McDonald (1981) proposed a
method for analyzing joint band-recovery and liverecapture data that exploited the modeling approach
and computer programs of Brownie et al. (1978,
1985). To avoid complicated modeling of the
encounter history, Mardekian and McDonald (1981)
ignored intermediate recapture data and instead modeled the last known fate of each released animal.
Although simple, this method of analysis is inefficient
because it ignores intermediate captures.
Recently Burnham (1993) developed a formal model for the joint analysis of live-recapture and ringrecovery data when all animals in the study are exposed to both types of sampling. This model was
extended by Catchpole et al. (1998) to allow age- and
time-dependent parameters. Szymczak and Rexstad
(1991) used Burnham’s model to estimate survival and
site fidelity probabilities of a gadwall (Anas strepera)
population. Barker (1995, 1997) generalized Burnham’s (1993) model to include information from resightings of live animals obtained between marking
occasions. This model extends the resighting models of
Cormack (1964) and Brownie and Robson (1983) to
allow resighting to occur any time between marking
occasions as well as including live-recapture and deadrecovery data. Interestingly, Jolly’s (1965) earlier suggestion for augmenting live-recapture data with resightings leads to the maximum likelihood estimators for
capture and survival probabilities, but only under the
assumption of no, or random, emigration (Barker 1997).
Here, we review the key issues and ideas involving
joint analysis of mark–recapture data with several
types of re-encounter. Data from banding studies of
mallard ducks, paradise shelducks, and common goldeneye ducks are used for illustration.

DATA STRUCTURE AND MODELING
Depending on the re-encounter mechanisms operating,
possible survival and re-encounter events following
release at time i and up until time i+1 can be summarized as follows:
• the animal may die with no encounter (alive or
dead) following release;
• the animal may die without being resighted prior
to death, but be found after death;
• the animal may be resighted alive, then die and be
found after death;
• the animal may survive the interval without being
resighted and avoid capture at i+1;
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• the animal may survive the interval without being
resighted and be caught at i+1;
• the animal may survive the interval and be resighted alive during the interval but avoid capture at i+1;
• the animal may survive the interval and be resighted alive during the interval resighted and be
caught at i+1.
The raw data can be expressed using the encounter
history format adopted for program MARK (White
and Burnham 1999) where a pair of indicator variables
(LD) are defined for each encounter period. The L
member of the ith pair is used to indicate whether or
not the animal was captured at the ith trapping occasion and can take the value 0, meaning the animal was
not captured, or 1 if the animal was captured. The D
member of the ith pair is used to specify live or dead
encounters between trapping sessions. D is assigned
the value 0 if the animal was not encountered during
the interval. If D has the value 1, this means the animal was reported dead during the interval. D has the
value 2 if the animal was resighted alive during the
interval. It is possible for an animal to be resighted
alive during an interval and then be found dead later in
that same interval. In such cases, the earlier live resightings in the interval are ignored without loss of
efficiency and D is given the value 1.
For example, consider an animal in a 5-period study
that has the encounter history 1010101002. This tells
us that it was captured on the first occasion, and recaptured again on the second, third, and fourth occasions.
It was not captured on the fifth occasion, but was seen
alive during the last interval. As shown in this example, there can be multiple occasions with a 1 in the L
columns. A 2 may also appear several times in the D
columns, but only 1 D column can have a 1, since subsequent encounters are not possible because the animal
was found dead. Finally, each encounter history also
has a weighting variable used to denote the number of
animals with that history. Animals removed from the
population at capture are given a negative weight.

Parameters
The focus of our modeling is animal survival and we
do not consider estimating abundance or recruitment
parameters. Parameters and their definitions are as
follows:
Si = The probability an animal alive at time i is alive
at time i+1.
pi = The probability an animal at risk of capture at
trapping occasion i is captured.
ri = The probability a marked animal that dies in i,
i+1 is found and its band reported.
Ri = The probability that a marked animal alive at
i+1 is resighted alive between i and i+1.
R′i = The probability that a marked animal that dies
in i, i+1 is resighted alive in this interval before it died.
Fi = The probability that an animal at risk of capture at time i is again at risk of capture at time i+1.
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F′i = The probability that an animal not at risk of
capture at time i is at risk of capture at time i+1.
The full model is an extension of Burnham’s
(1993) live/dead model and allows live resightings to
be reported any time during the open period between
live recapture occasions. Using program MARK, the
model can easily be generalized to incorporate ageand group-effects and to include individual covariates
(White and Burnham 1999). Parameter estimates are
obtained by maximizing the likelihood function constructed from the probabilities of each distinct
encounter history. For details, see Barker (1995).

Animal Movement
An important feature of mark–recapture studies is that
a researcher can only capture animals associated with
the trapping site. Furthermore, there is usually little control over exactly which animals are at risk of capture,
and animals available for capture in 1 trapping session
may not be available for trapping in other sessions.
The Jolly-Seber model assumes that animal migration is permanent (Seber 1982), meaning that if an animal leaves the at-risk-of-capture component of the population, then it is not permitted to return. In many studies,
such an assumption may be hard to justify, and movement of animals both in and out of the trapping site may
occur. Therefore, it is important that analyses be flexible enough to allow other types of animal movement.
Random emigration (Burnham 1993) occurs if the
risk of capture at i for animals in the population at i-1
is the same for all animals. It is just 1 possible type of
movement in and out of the study site. A more general model considered by Kendall et al. (1995) in the
context of Pollock’s robust design (Pollock 1982) is
Markov movement, where the probability an animal is
at risk of capture at time i depends on whether it was
at risk of capture at time i −1. Permanent emigration
is a special case of Markov emigration where the probability of subsequent capture is 0 for animals not at
risk of capture at i. Generalizations of the Markov
emigration model also can be envisaged that allow
dependence to extend for more than 1 time period, for
example, the memory model of Brownie et al. (1993).
Under Markov emigration, animals that are at risk
of capture at time i leave the study area with probability (1 − Fi). Thus, Fi has the same interpretation as in
Burnham’s (1993) live-dead model as the fidelity to
the study area. Animals not at risk of capture are permitted to return to the study area with probability F′i.
(The definition we have for F′i is different from that
used by Barker [1997]. The definition adopted in this
article is consistent with the definition used by Kendall
et al. [1995].) Restrictions on the movement parameters
used to define random and permanent emigration are
given in Table 1 along with other constraints that can be
used to define most standard mark–recapture models.
To illustrate the meaning of the emigration parameters, suppose an animal is captured during the first
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Table 1. Constraints incorporated in the joint model in program MARK for live recaptures, live resightings, and dead
recoveries to generate some standard mark–recapture models
and restrictions on allowable animal movement.
Constraints

Model

F′i = 0
Fi = 1, F′i = 0a
Ri = R′i = 0, F′i = 0

Permanent emigration
Random emigration
Burnham’s (1993) model
under permanent emigration
Burnham’s (1993) model
Ri = R′i = 0, Fi = 1, F′i = 0
under random emigration
ri = Ri = R′i = 0, Fi = 1, F′i = 0 Cormack-Jolly-Seber
model
pi = 0, Ri = R′i = 0, Fi = 1, F′i = 0 Model M1 of Brownie et
al. (1985)

a The constraint F′ = 0 here is arbitrary as F′ does not coni
i
tribute to the likelihood function if Fi = 1.

trapping session, not captured during the second trapping session, and then captured during the third trapping session. Given that the animal was alive at time 3
we can write the probability as
[(1 – F1 ) F′2 + F1(1 – p2 )F2] p3.
The term in square brackets represents the probability that the animal was not captured during the second trapping session but was at risk of capture at time
3. The first product within the brackets, (1−F1)F′2, is
the joint probability that the animal emigrated between
the first 2 trapping sessions (with probability 1−F1)
and then immigrated back onto the study area during
the interval between the second and third trapping sessions (with probability F′2). However, a second possibility exists for why the animal was not captured—it
could have remained in the study area and not been
captured. The term F1 represents the probability that it
remained on the study area between time 1 and 2 and
the term (1−p2 ) is the probability that it was not captured at time 2. The final term F2 represents the probability that the animal remained on the study area so
that it was available for capture during the third trapping session.
Under Markov emigration, many of the movement
parameters are confounded, although program MARK
will correctly find the maximum of the likelihood
function. Usually, it also correctly computes the number of estimable parameters. A version of the Markov
emigration model in which movement parameters are
estimable is where movement probabilities are constrained through time. That is, F1 = F2=… Ft−1 = F and
F′1 = F′2 = … F′t−2 = F′. Even with these constraints,
the Markov emigration model may perform poorly. In
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practice, good estimates of the parameters F and F ′
can be obtained if there is a large difference between F
and F′.

EXAMPLES
Mallard Ducks
Mallard ducks were banded at sites in the Manawatu
Region of the North Island, New Zealand, by the
Wellington Fish and Game Council between 1986 and
1990. The primary source of re-encounter data is from
band recoveries up until 1990 obtained during the
May–July duck hunting season. However, recaptures
of animals during February banding operations are
also available.
We first analyzed the data using the joint model
developed by Burnham (1993) expanded to include
age and sex effects on parameters. In addition, the
reporting probability for a bird in year i depended on
whether or not the bird was also captured (initial capture or recapture) during the trapping operation in year
i. This model generalizes model M0 of Brownie et al.
(1985) in which recovery rate differed for birds in their
first year following banding. Brownie et al. (1985)
argued that this model would be useful in situations
where band-reporting rate is different near the banding
site. In their model, this affects only newly banded
birds. However, in our study, the reporting rate associated with the banding site in a particular year should
also apply to previously marked birds that were recaptured, because they are also known to be associated
with the banding site in that year.
The goodness-of-fit for this model was assessed
using a parametric bootstrap procedure available in
program MARK in which the deviance is compared to
randomly generated values obtained from the fitted
model. If a small (e.g., < 0.05) proportion of simulated values are larger than the observed value, then this
provides evidence that the model fits the data poorly.
This test provided strong evidence that the model
failed to represent the data adequately (P < 0.001). To
try to account for this lack of fit, we generalized the
model to allow Markov emigration with different timespecific parameters for each age and sex class, and in
the case of adults, reporting rate class. However, this
model also showed strong evidence of lack of fit (P <
0.002). Accordingly, unless otherwise stated, model
selection was based on a quasi-likelihood corrected
version of Akaike’s Information Criterion (QAICc )
(White et al. 2001).
Using a likelihood ratio test (Cox and Hinkley 1974),
there was no evidence that the Markov emigration
model offered significant improvement over permanent
emigration, so we used the permanent emigration model
with all parameters time-dependent as a starting point
for analysis. We then fitted a series of reduced parameter models with varying restrictions on the nature of
age, sex, and time dependency on the 4 parameters.
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The model minimizing QAICc had a sex-dependent
survival probability that was the same for each age and
year, and a time-dependent capture probability that was
the same for each age and sex. The logit of the reporting rate followed a linear trend in time with 6 distinct
parallel trend lines, 1 for each combination of age and
sex with adults further categorized according to whether
the reporting rate was for a year in which the animal
had been captured. Finally, there was a different value
for site fidelity probabilities for each combination of
age and time, but the site fidelity parameter varied in
parallel for the 2 sexes on the logit scale.
Parameter estimates for this model indicated the
following:
ˆ
• male survival probabilities (S= 0.533, SE = 0.034)
were higher than for females (Sˆ = 0.465, SE = 0.029);
• the odds of band reporting were estimated as
1.335 (95% CI = 1.045, 1.705) times higher for adults
captured in the current year than adults not captured;
• the odds of band reporting were estimated as
1.844 (95% CI = 1.579, 2.153) times higher for juveniles than adults in their first year following a capture
or recapture;
• the odds of band reporting for males was estimated as 1.304 (95% CI = 1.112, 1.527) times higher than
for females;
• the odds of band reporting declined at an estimated rate of 8.8% (95% CI = 3.4%, 14.4%) per year during the study;
• juveniles were less faithful to the banding site
than adults in all years, and females were more faithful with the odds of the bird remaining faithful to the
banding site 2.895 (95% CI = 1.822, 4.599) times
higher for females than males.
To compare estimates of survival rate with those
obtained under a standard band recovery analysis, we
fitted the same model in program MARK using an agespecific band reporting probability but ignoring live
recaptures (hence, there are no recapture or site fidelity parameters in this model). Under the band-recovery
model, the male survival probability was estimated as
ˆ
S = 0.536 (SE = 0.046), and the female survival probability was estimated as Sˆ = 0.430 (SE = 0.046).
Therefore, under the joint live-recapture/dead-recovery model, standard errors of the survival rate were
74% of the value for males, and 58% of the value for
females obtained under the band-recovery model.

Paradise Shelduck
Paradise shelduck were banded 1987−1990 in the Wanganui District of the North Island, New Zealand. Molting
concentrations were trapped in January each year from
1988 to 1990 with recaptures of animals during banding
operations as the primary source of re-encounters. In
addition, bands were recovered by waterfowl hunters during the May−August paradise shelduck hunting seasons.
An initial analysis was carried out by fitting the
model S(t) p(t) r(t*f) F(t) F(t) (time-dependent Markov
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emigration model) in which survival, capture, and
movement probabilities are all time-specific, and
where the reporting probability for time i depends on
whether the bird was caught at time i. The parametric,
bootstrap, goodness-of-fit test provided evidence that
the model failed to represent the data adequately (P =
0.016); therefore, model selection was based on QAICc.
To select a more parsimonious model, we fitted a
series of reduced parameter models using S(t) p(t)
r(t*f) F(t) F′(t) as a starting point. Using QAICc as a
selection criterion, the best models appeared to be
either S(t) p(t) r(t*f) F(.) F′(.)=0 (permanent emigration with no time variation in site fidelity) or S(t) p(t)
r(t*f) F(.) F′(.) (Markov emigration with no time variation in movement probabilities). The difference in
QAICc between these 2 models was 1.28, which indicates there is little to distinguish between them (Burnham and Anderson 1998).
Using likelihood ratio tests, there was evidence of
2 = 20.073, P =
time variation in reporting rates χ10
0.029) and very strong evidence that reporting rates for
birds captured or recaptured in January were different
than those not captured (χ24 = 36.691, P < 0.001). For
both models and in each of 1987, 1988, and 1989
(reporting and survival parameters for 1990 are confounded), birds that were captured or recaptured at the
banding site in January were more likely to be shot and
have their band reported than birds that were not captured. There was also evidence that this difference varied between years (χ23 = 10.152, P = 0.017).
Capture probabilities appeared to vary between
sampling occasions (χ21 = 9.052, P = 0.003), but there
was no evidence that movement probabilities varied
between sampling occasions (P = 0.248). Although a
comparison of the models S(t) p(t) r(t*f) F(t) F′(t) and
S(.) p(t) r(t*f) F(t) F′(t) provided no evidence that survival rates varied through time (P = 0.136), there was
strong evidence of time variation in survival probabilities after removing time variation in the movement
probabilities (χ23 = 11.617, P = 0.009).
Under the model S(t) p(t) r(t*f) F(.) F′(.), the estimated probability a bird was at a trapped molt site in
year i was 0.671 (SE = 0.084) if the bird was at a
trapped molt site in year i−1, but only 0.074 (SE =
0.073) if the bird was not at a trapped molt site in year
i−1. Therefore, although birds tend to remain at the
same location each year there is some movement, and
birds are more likely to move away from a trapped
molt site than move to a trapped site.

Common Goldeneye Ducks
Female common goldeneye ducks were trapped in nest
boxes near Preetz in the Schleswig-Holstein District of
Germany between 1988 and 1997. Recaptures of nesting females were obtained during nestbox searches,
and live resightings of banded birds were reported by
members of the public. To make full use of available
information, these activities need to be analyzed using

365

a joint live-recapture/live-resighting model. The first
model we fitted to these data was S(t) p(t) r(t) R(t) R′(t)
F(t) F′(t), in which all parameters are time specific.
For this model, there was no evidence that the model
did not fit the data using a bootstrap goodness-of-fit
test (P = 0.628).
After fitting a series of reduced parameter models,
the best model appeared to be S(.) p(.) r(.) R(t)=R′(t)
F(.) F′(.) in which survival, recapture, reporting, and
movement probabilities are constant through time and
where the resighting parameters are time dependent,
but with R′i equal to Ri for each time period. Note that
in this model, resighting probabilities are not influenced by whether or not the animal survives the resighting period. The model makes sense only if the
population is closed during the resighting period.
Because almost all resighting effort took place during
the summer breeding season and the survival probability is high (Sˆ = 0.804, SE = 0.023), the assumption that
Ri = R′i in each period is reasonable in this study.
Using likelihood ratio tests, there was weak evidence of time-dependent survival rates (χ28 = 14.034,
P = 0.081), which suggests that a useful intermediate
model between the time-invariant and time-varying
models might be a model where time variation is modeled as a random effect (White et al. 2001).
There was strong evidence against the permanent
(χ28 = 26.062, P = 0.001) and random (χ217 = 41.531,
P = 0.001) emigration models, but no evidence that
movement probabilities under the Markov model var2 = 15.193, P = 0.296). Under the
ied through time (χ13
model S(.) p(.) r(.) R(t)=R′(t) F(.) F′(.), the probability of being at a sampled nest box in year i was 0.886
(SE = 0.039) if the bird was at a sampled nest box in
year i−1, and 0.154 (SE = 0.084) if the bird was not at
a sampled nest box in year i−1. Therefore, birds tended to remain in the same subpopulation from year to
year, with the probability of remaining about the same
for the 2 subpopulations.

DISCUSSION
By taking advantage of multiple information sources,
estimates of key wildlife population parameters obtained from mark−recapture data can be improved in
several important ways. First, the inclusion of the
extra information can lead to considerable improvement in precision of parameter estimates. Despite the
need for additional complexity in the model, it can be
shown that expanding a model to incorporate extra
information reduces the sampling variances of the
parameters of interest (R. J. Barker and L. Kavalieris,
unpublished data). This is most evident in the mallard
duck, band-recovery analysis where including information from live-recaptures reduced standard errors of
the survival rate estimates by 25% for males and 37%
for females. Similar improvements in precision in a
standard band-recovery analysis require about a 2-fold
increase in sampling effort.

366

International Wildlife Management Congress

The second advantage of joint models is that they
allow relaxation of some assumptions. For example,
the assumption of permanent or random emigration in
a study based on live recaptures can be relaxed if live
resightings or dead recoveries are included in the
analysis. Nonrandom temporary emigration may be an
important source of lack of fit in many analyses and
was apparent in the common goldeneye study and possibly in the paradise shelduck study. In each case, the
movement probability estimates indicated a degree of
fidelity to the location the birds occupied in successive
years. Birds at risk of capture in year i were more likely to be at risk of capture in year i+1 than birds that
were not at risk of capture in year i. Finally, mark loss
is another potential problem in mark–recapture studies
(Nelson et al. 1980). In band-recovery studies, incorporating live recaptures into the analysis provides
potential for modeling band loss if a double-marking
scheme, preferably involving permanent marks, is used
(Nichols and Hines 1993, Diefenbach and Alt 1998).
The model that we described in the first part of this
article can easily be extended to accommodate individual and group effects using program MARK. This
is illustrated in the mallard duck example where we
were able to fit an age- and sex-dependent model as
well as allowing birds associated with the banding site
to have different reporting rates to other birds. An
alternative approach to having the reporting rate differ
following each recapture is to have different parameters for birds in their first year following banding.
Such a temporary marking-effect model can be easily
fitted. One approach is to split the encounter history
into 2 parts, 1 for the period when the animal has not
yet been recaptured and 1 for the period following first
recapture (see Pradel 1993). An alternative approach
is to use time-specific, individual covariates. Each animal would have individual covariates for each interval,
with 1 indicating an interval immediately following
first capture, and 0 indicating otherwise. These individual covariates can then be included in the design
matrix to estimate the response to initial capture, and
evaluate the importance of this effect.
The concept of using all re-encounter information
can be extended to other mark–recapture designs, such as
the multi-state model and Pollock’s robust design. The
multi-state model would be a useful development for the
paradise shelduck study because the birds were banded
at 3 separate banding sites, and the original intent was to
examine movement of birds between these banding sites
(Barker 1990). Such a model may also account for the
lack of fit indicated by the bootstrap goodness of fit
test. Currently, the only software available for doing
this does not allow use of the recovery information.
Finally, none of the joint models that have been
developed so far include abundance, recruitment, or
population change parameters. In principle, the modeling approach adopted by Pradel (1996) for incorporating recruitment parameters in the JS model
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(Pradel 1996) can be extended to joint models for liverecapture, dead recoveries, and live-recaptures. In this
case, the extra information provided by resightings or
recoveries does not provide any direct information on
recruitment because recruitment information is provided by captures of unmarked animals. However, the
additional information should improve recruitment
estimates indirectly through better modeling of the
capture and survival processes.
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