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Estimating Animal Abundance: Review III
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Abstract. The literature describing methods for estimating animal
abundance and related parameters continues to grow. This paper re-
views recent developments in the subject over the past seven years and
updates two previous reviews.
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1. INTRODUCTION

The literature relating to the estimation of ani-
mal population parameters such as population size
or survival rate continues to grow rapidly. We shall
review the literature from about 1991 to the time of
writing. The type of method used for estimation de-
pends on the nature of the population investigated,
namely whether it is “closed” or “open.” A closed pop-
ulation is one that remains effectively unchanged
during the investigation, while an open population
is one that can change through such processes as
birth, death and migration. The methods can be cat-
egorized by the type of information provided by the
sampling process used.
The simplest methods are based on counting indi-

viduals or their signs (e.g., bird calls or animal drop-
pings) on a random sample of plots, where the plots
may be quadrats or strips. In the case of individu-
als, the resulting sample estimate of the number per
unit area can then be converted into a population
total by multiplying by the population area. Where
just signs are counted, we get a relative measure
or “index” of population density. This is a number
bearing (hopefully) a constant ratio to the size of
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the population. If the index doubles we can then
assume that the population has doubled, even if
we do not know the actual size of the population.
Sometimes such a measure can be converted to a
population density if we have a reliable and stable
“correction factor” of the average number of signs
per animal. Standard survey methods such as strat-
ified sampling, poststratification, size-biased sam-
pling and two-stage sampling can be used. The more
recent methods of adaptive sampling are suitable for
sparse but highly clustered populations. In adaptive
sampling the neighborhoods of those sampled plots
yielding useful information are sampled as well.
Other sampling units that can be used are lines

and points. In line transect sampling, the observer
walks, flies by plane or helicopter or travels by boat
down a random line (path). The observer measures
or, more usually, estimates the perpendicular dis-
tances of all animals seen from the line out to a
certain predetermined distance (or out to any dis-
tance). By modeling the probability of detection as
a function of distance from the line, these distances
can then be converted to an estimate of population
density. In point sampling, one first chooses a sam-
ple of points. The observer then spends some time
at each point and estimates the distances of all an-
imals seen in any direction out to a given distance
(or out to any distance).
There is a group of methods based on the idea of

knowing how much effort is put into catching and
removing animals from the population. Perhaps the
simplest of these is the removal method which uses
the idea that the same amount of effort will always
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remove the same proportion of the population that
is there. These methods are particularly useful in
fisheries, where they are usually described as catch-
effort models. They are also used to get estimates of
relative densities of birds.
Another general method, called the change-in-

ratio method, is based on a simple idea. Suppose
that a population consists of males and females. A
large enough number of males is removed from the
population to significantly change the sex ratio. By
sampling the population before and after the selec-
tive removal to estimate the sex ratio in each case,
various population parameters can be estimated.
A widely used method for obtaining information

about the population is to use tagging or marking;
this approach is known as the capture–recapture
method. In capture–recapture, one collects a series
of samples. Animals in the first sample are tagged
and are then released back into the population. The
second sample then has tagged (i.e., recaptured) and
untagged animals. If the process stops there so that
we have just two samples of respective sizes n1 and
n2, and m2 recaptures, a very simple but famous
estimator of the population size N for a closed pop-
ulation called the Petersen estimator (Seber, 1982,
1992) is available. This estimator, which is referred
to several times in this paper, is obtained by equat-
ing the population proportion of tagged (n1/N) in
the population with the proportion of tagged in the
second sample (m2/n2) to get N̂ = n1n2/m2. If we
collect more than two samples we can tag the un-
tagged animals in the second sample and then re-
lease all the animals again. This process is repeated
using unique tags for each individual. At the end of
the experiment, each animal that was caught dur-
ing the experiment will have a capture history. For
example, the history 01001 corresponds to an indi-
vidual that was caught in the second and fifth sam-
ples only. Such methods have been used for both
closed and open populations. For open populations,
a number of variations of the method have been de-
veloped. In the the case of an open bird population,
one can release a group of banded birds on each of
a number of occasions (e.g., annually) and the birds
are then either sighted alive or recaptured dead in
the intervening periods. The deaths may be due to
either natural or hunting mortality. Similar models
are used for fisheries. These models have been gen-
eralized to allow for different ages and sexes, and
have been extended to incorporate different areas
where movement (migration) between areas takes
place. Some of the tagging models focus on just sur-
vival, while others incorporate both abundance and
survival. When miniaturized radio transmitters are
used as tags so that individuals can be tracked, we

can use this extra information to tell us more about
movements and survival. Since one is interested in
the capture histories of various subsets of the an-
imals, most models consist of products of multino-
mial distributions. Often the number of parameters
is very large and some of the parameters are not al-
ways estimable. A related problem that is receiving
increasing attention is that of choosing an appropri-
ate model from a range of possible models.
An important feature of the above methods is

that they depend on certain underlying assump-
tions which need careful examination. For example,
in locating or counting individuals on plots, ob-
server bias may occur. An experienced observer
may do better at spotting animals than an inexpe-
rienced observer. Further, some animals may not
be detectable. Deer are notoriously difficult to see.
In distance methods, individuals may be disturbed
before they are seen or one may even see the indi-
viduals in groups. In tagging experiments animals
may lose their tags. Tags may be overlooked or may
not be returned when found by the general public.
Frequently there is heterogeneity in capture, sight-
ing and survival probabilities. A lot of research has
therefore been directed at both examining the ef-
fects of departures from the assumptions on the
estimates and at modifying the models to allow for
such departures.
This paper follows a book and two previous

reviews (Seber, 1982, 1986, 1992). In this third
review our scope is once again wider than just
abundance and includes related parameters such
as survival rates. In putting this review together
we have extensively used the Current Index to
Statistics Extended Database (American Statisti-
cal Association/Institute of Mathematical Statistics
(ASA/IMS), 1997), the Science Citation Index (In-
stitute for Scientific Information (ISI), 1997) and
Biological Abstracts on Compact Disc (Biological
Abstracts, Inc., 1998). Such searches may be dif-
ficult due to the wide variety of key words used
for the same topic. We therefore recommend that
certain standard key words be always included in
research articles. For example, capture–recapture
should cover mark–recapture, tag–recapture and
band-recovery, while radio tags should cover ra-
diotelemetry and telemetry and so on.
The subject continues to grow, not only because

of new statistical technology that has become avail-
able, but also because of the increasing number
of applications of the abundance methodology to
different animal populations. Our primary aim
is to review new methodology and select some of
the many applications for illustration, particularly
those which pay close attention to underlying as-
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sumptions or have unusual features. Pollock (1991),
Nichols (1992), Pollock (1995), Lebreton, Pradel
and Clobert (1993), Manly and McDonald (1996,
at a popular level), International Working Group
for Disease Monitoring and Forecasting (IWGDMF)
(1995a, b) and the encyclopedia articles of Cormack
and Buckland (1997) and Chao (1998) present short
overviews of capture–recapture and related meth-
ods. Chao and the articles by IWGDMF focus on
epidemiological applications. An ornithological fo-
cus which includes general statistical methods is
provided by Nichols (1994) and Morgan, Freeman
and Lebreton (1997), while Lancia, Nichols and
Pollock (1994) give an extensive coverage which
concentrates on wildlife management using il-
lustrative examples. Skalski and Robson (1992),
Buckland (1994) and Conroy and Smith (1994)
present guidelines for the design of large-scale
wildlife surveys. We did not extensively review
the fisheries literature as many of the techniques
there are specific to just fish populations. How-
ever, a number of good books are available which
admirably review the available literature such as
Hilborn and Walters (1992), Gunderson (1993), Gal-
lucci, Saila, Gustafson and Rothschild (1996), and
Quinn and Deriso (1999).

2. STATISTICAL DEVELOPMENTS

In this section we take a broad brush view of some
useful statistical developments. More detail is given
later in this work.
Some populations, such as those of fish or birds,

may be sparse but highly aggregated. A simple ran-
dom sample of plots could then yield mainly empty
plots. Seber (1992) noted that adaptive sampling,
which uses information from the part of the sample
obtained thus far to determine the future direction
of the sampling, is a promising method for handling
such populations. This method is essentially a clus-
ter sampling technique and it has begun to be used
in a variety of ways. The reader is referred to Seber
(1997, 1998) for a brief introduction or to Thompson
and Seber (1996) for a detailed exposition. Salehi
and Seber (1997a) provide a without-replacement
adaptive scheme for reducing the amount of sam-
pling effort. However, the question of when to use
adaptive sampling instead of simple random sam-
pling still needs further research. Incomplete de-
tectability can also be a problem in sampling a popu-
lation, and this is discussed by Thompson and Seber
(1996, Chapter 9) for both conventional and adap-
tive sampling.
Size-biased sampling, in which bigger objects

have a greater chance of being selected, contin-

ues to be a useful tool. However, it can also be
used in a time framework. Some animal abundance
methods use surveys at a point in time so that
events which last longer are more likely to be se-
lected. This must be accounted for in the analysis.
Hoenig et al. (1997) show when the mean-of-ratios
or the ratio-of-means of individual catches and ef-
fort should be used in computing the catch per
unit effort (CPUE) in angler surveys depending on
whether the survey is a roving survey or an ac-
cess survey—the former being size-biased. Total
catch is then estimated by multiplying the total
effort by the CPUE. Hoenig et al. (1997) and Pol-
lock et al. (1997) discuss the properties of the two
estimators of the CPUE, while Hoenig, Robson,
Jones and Pollock (1993) give methods for estimat-
ing the sport-fishing effort. These papers should be
consulted for further references.
Logistic regression is assuming a greater role in

abundance problems. Here a probability can be esti-
mated by modeling it in terms of various covariates.
It can also be combined with the so-called Horvitz–
Thompson estimator (e.g., Skalski, 1994). For ex-
ample N, the population size, can be estimated if
the nonzero probability pi that the ith individual or
group is caught or sighted in the sample can be esti-
mated. This follows from the fact that, for a sample
of size n from any design, E��n

i=1�1/pi� = N. Such
an approach has considerable potential and can be
used in a variety ways. Buckland, Breiwick, Cat-
tanach and Laake (1993b) combine it with a logistic
model, using appropriate covariates, to obtain a cor-
rection for undetected whale pods in line transect
sampling, while Huggins and Yip (1997) use a simi-
lar approach for a removal model. Manly, McDonald
and Gardner (1996), Borchers, Zucchini and Few-
ster (1999) and Borchers et al. (1999) also estimate
the pi by applying logistic regression to line tran-
sect data from double counts (simultaneous counts
from two observers). These three papers, which are
referred to again later, incorporate an extensive ar-
ray of very general models that represent a major
breakthrough in line transect methodology.
Logistic regression can also be used for model-

ing spatial distributions. For example, Osborne and
Tigar (1992) and Buckland and Elston (1993) use
a generalized linear model with a logistic link func-
tion to model a dependent variable which represents
presence or absence or a measure of abundance of
the species under consideration. This variable is
recorded for all, or just for a random selection of,
sites. They also incorporate habitat and other spa-
tial covariates to allow for a heterogeneous environ-
ment. Augustin, Mugglestone and Buckland (1996)
go one step further and model the spatial autocor-
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relation as well. The rapid growth of geographic in-
formation systems (GIS) allows access to a wide va-
riety of possible covariates. A similar type of model
is the log-linear model, which is used particularly
in capture–recapture applications.
Likelihood methods are a major tool in population

studies and, unless otherwise stated, the likelihoods
referred to in this paper are invariably a product of
multinomial distributions. However, quasilikehood
has now entered the abundance arena as well. We
shall see later that it is being successfully used
for capture–recapture models instead of a full like-
lihood approach, which is not always appropriate.
As noted by Seber (1992), quasilikelihood is an im-
portant tool for modeling overdispersed or under-
dispersed data. An application to capture–recapture
data in fisheries is given by Bayley (1993).
In the past, Bayesian methods have been ham-

pered by the need to evaluate complex integrals
for finding posterior distributions and their related
parameters such as the posterior mean. However,
with the advent of novel Monte Carlo methods, it
is now possible to sample from the posterior dis-
tribution without having to actually obtain it. For
a univariate prior, if just the shape of the univari-
ate posterior distribution (and not the normalizing
constant) is known (e.g., likelihood multiplied by
the prior), then special sampling–resampling meth-
ods are available (see Smith and Gelfand, 1992,
for an excellent introduction). For a multivariate
problem, we can sometimes use the Gibbs sampler,
whereby we can sample from the multivariate pos-
terior and its marginals by simply drawing values
from a sequence of univariate conditional distribu-
tions. When the Gibbs sampler is impractical, more
flexible sampling methods such the Metropolis–
Hastings algorithm are also available. The theory
behind these approaches is referred to as Markov
chain Monte Carlo (MCMC). For a very readable in-
troduction and some earlier references see Casella
and George (1992). Further details are given by Gel-
man, Carlin, Stern and Rubin (1995), Besag, Green,
Higdon and Mengersen (1995), Gilks, Richard-
son and Spiegalhalter (1996) and Tanner (1994).
Manly (1997, Chapter 15) provides a helpful dis-
cussion using simple capture–recapture examples,
and Brooks, Catchpole and Morgan (1999) provide
an excellent background for analyzing recapture
data from open populations. We can now expect
Bayesian methods to be used more extensively
in modeling abundance problems. For example, a
Bayesian method for handling an unknown mixture
of completely and incompletely detected individu-
als is given by Solow and Palka (1996). Bayesian
methods are also becoming very popular in fisheries

modeling (Punt and Hilborn, 1997). Other exam-
ples will be given throughout the paper. Log-linear
models are also used in this area (e.g., Quang and
Becker, 1996).
Bootstrapping (Efron and Tibshirani, 1993) is

now extensively used for simulating samples from
a real data set, evaluating bias, estimating vari-
ances, constructing confidence limits and so on
(e.g., Manly, 1997). Two of the many examples
using the bootstrap are the evaluation of trawl
survey abundance estimates and confidence inter-
vals (Smith and Gavaris, 1993b; Smith, 1997), and
finding the standard errors for a modified Kaplan–
Meier survival estimate (Flint, Pollock, Thomas and
Sedinger, 1995; Flint, Sedinger and Pollock, 1995).
As mentioned later, bootstrapping is also used for
incorporating model uncertainty into estimation.
Many of the models developed are based on a

product multinomial likelihood with all parame-
ters appearing directly in the likelihood. In some
cases, the population process can be separated into
two parts, namely the population dynamics and
the observation process. This would lead to a nat-
ural formulation using state-space models which
in turn lend themselves quite readily to Bayesian
methods. Schnute (1994) develops a general mod-
eling framework for fisheries models and a few
authors, as noted below, have started similar frame-
works for mark–recapture data. This methodology
needs to be more widely explored in nonfisheries
contexts.
Demographic methods also have a role in provid-

ing estimates of population parameters even though
in many cases experiments only address a single de-
mographic quantity at a time, for example, survival
rate. However, population management requires ad-
ditional information usually in the form of a Leslie
matrix. This matrix relates the age structure at
time t + 1 with the age structure at time t for a
stationary population (Seber, 1982, page 550). For
example, Franklin et al. (1996) discuss some stan-
dard demographic methods including the Leslie ma-
trix method for the Northern Spotted Owl; Buckland
et al. (1996) use a Leslie matrix model for the man-
agement of deer culling; and Raftery, Givens and
Zeh (1995) include variability of inputs into a Leslie
matrix when studying bowhead whales.
There has been considerable development of pow-

erful software to estimate population parameters,
particularly in the analysis of capture–recapture ex-
periments. In the Appendix we have listed some
World Wide Web (WWW) pages with an annotated
set of links to the most-often-used software for ana-
lyzing population data. They will be discussed later
as they arise. What is still lacking is a generalized
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software package for analyzing various kinds of sur-
vey data.

2.1 Quadrat and Strip Transects

As was earlier pointed out by Seber (1986, 1992),
the negative binomial distribution is a popular
model in plot studies for clustered populations.
White and Bennetts (1996) and White (1996a) sum-
marize some of the methodology. A two-way model
is considered by Ramakrishnan and Meeter (1993),
and Taylor’s power law is revisited by Routledge
and Swartz (1991).
Two-stage sampling (cf. Särndal, Swensson and

Wretman, 1992) is a useful sampling technique.
Here a sample of primary units (study plots) is
taken and then some form of abundance estima-
tion is applied within each primary unit such
as estimation from animal signs, line transects,
catch-effort sampling, change-in-ratio methods,
two-sample capture–recapture and so on (Seber,
1982, pages 114–115; Jensen, 1994; Skalski, 1994).
Salehi and Seber (1997b) give a method for design-
ing an adaptive cluster sample using this approach.
Three-stage sampling is used by Szarzi, Quinn and
McBride (1995) to estimate clam density.
Stratified sampling is also used extensively in

abundance estimation. For example, it is used for
bottom trawl surveys in fisheries using depth as
the major stratifying variable (Smith and Gavaris,
1993a; Smith and Page, 1996; and the readable sum-
mary by Smith, 1996). Covariates and model-based
estimates can also be used (Smith, 1990). Irvine,
Bocking, English and Labelle (1992) estimate coho
salmon spawning escapements by conducting visual
surveys in areas selected using stratified random
and stratified index sampling designs. Poststrati-
fication, along with bootstrapping, can be used as
a bias reduction technique (Anganuzzi and Buck-
land, 1993; Buckland, Cattanach and Anganuzzi,
1992). With sparse but highly clustered popula-
tions, one can use the method of adaptive allocation
within strata or primary units to achieve a greater
precision of estimation (Thompson, Ramsey and
Seber, 1992; Thompson and Seber, 1996, Chapter
5). Sequential sampling is a form of adaptive sam-
pling, and Stewart-Oaten (1996) gives a sequential
method based on the proportion of nonempty units.
Unless observers are perfect, visibility bias may

negatively bias estimates of abundance. One way
of overcoming this problem is the double-count
method in which two independent observers do the
counting. Their counts, together with the numbers
seen by both, can be used to calculate Petersen-type
estimators to correct for visibility. For example,
Pojar, Bowden and Gill (1995) describe an exper-

iment where random quadrat, strip transect and
double-count methods are compared to estimate
the density of pronghorn and note that some of the
differences observed may be due to visibility bias.
Heterogeneity in the sighting probabilities (cf. Se-
ber, 1992, page 133) can cause problems. Rivest,
Potvin, Crépeau and Daigle (1995) use a form of
stratification while Manly, McDonald and Gard-
ner (1996), Borchers, Zucchini and Fewster (1998)
and Borchers et al. (1998) use a logistic regression
model incorporating the covariates affecting the
probability of sighting an animal to deal with this
problem. Evans and Bonett (1993) also presented a
method to account for differential visibility bias as
a function of group size—presumably larger groups
of animals are less likely to be overlooked.
An interesting method is presented by Skalski

(1991), who developed a standard survey sample
procedure (ratio estimation) to estimate animal
abundance if an initial capture of animals can be
marked so that their subsequent signs can be dis-
tinguished from unmarked animals. Becker (1991)
used standard line-intercept methods combined
with the Horvitz–Thompson estimator to estimate
the number of furbearing animals by finding their
tracks in the snow after a storm.
In Skalski’s (1994) review of using standard sur-

vey methods to estimate animal abundance, he
points out that such analyses must distinguish two
levels of sampling variability, the natural variabil-
ity in the parameters and the sampling variability
in the estimates. This distinction was also consid-
ered by Barker and Sauer (1992) and Link and
Nichols (1994) when investigating temporal trends,
and in Link and Sauer (1996) when ranking pop-
ulations by an appropriate parameter. Skalski
and Robson (1992) discuss the importance of this
distinction when planning wildlife studies using
capture–recapture experiments.

2.2 Distance Methods: Line and Point Transects
(Variable Circular Plots)

Line transect methods provide a relatively cheap
method for estimating animal abundance. As men-
tioned earlier, an observer travels along a transect
line and records the perpendicular distances of all
animals visible from the line. The use of such mod-
els hinges on being able to satisfactorily model the
probability of detecting the animal as a function of
perpendicular distance y, the “detection function”
g�y�. A wide range of methods for doing this are
available and the standard reference is Buckland,
Anderson, Burnham and Laake (1993a). These au-
thors and others have developed a software package
called Distance which is documented by Thomas
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et al. (1998) and Thomas (1999) and is available
from the last site given in the Appendix. This pack-
age was shown by Cassey and McArdle (1999) to
perform well under an extensive range of simulated
conditions. There have been numerous papers using
line transect methodology; for example, Pelletier
and Krebs (1997), who estimate ptarmigan pop-
ulations; Casagrande and Beissinger (1997), who
compared four methods for estimating parrot pop-
ulations and recommended line transect methods;
Trenkel, Buckland, McLean and Elson (1997), who
evaluated line transect methods for estimating red
deer populations; Southwell (1994), who conducted
field trials to estimate the number of kangaroos
and wallabies and concluded that animals showed
reactive movement in response to the observer
walking the transect line; Ensign, Angermeier and
Dolloff (1995), who compared line and strip tran-
sect methods for estimating fish population and
concluded that line transect methods performed
well; Barlow (1995), who compared strip and line
transects to estimate the abundance of cetaceans
and found that both methods worked well; and
Cassey, Craig, McArdle and Walter (1999), who
showed that distance sampling based on random
transects performed well compared with several
common alternatives in estimating the size of a
known banded population of wild birds in regener-
ating bush. Using a half-normal detection function,
Karunamuni and Quinn (1995) seem to have de-
veloped the first Bayesian methods for estimation
and showed that their estimators had good prop-
erties compared with the maximum likelihood and
Fourier series estimators. Finally, Pollard and Buck-
land (1997) give a novel adaptive approach to line
transects using zigzags.
Recent methodological advances have concen-

trated on methods which are robust to violations
of the assumptions. Two key assumptions are that
the detection probability g�y� is the same for all
animals and that 100% of the animals are detected
along the transect line, that is, g�0� = 1. We note
that the first assumption is not critical if the second
assumption is true because of the role of pooling
robustness. Buckland (1992a) examined the effects
of heterogeneity in the sighting probabilities on
the estimates and found that the bias could be
severe. Buckland (1992b) also developed a new, ro-
bust methodology and mentioned the use of kernel
estimates for estimating the density function asso-
ciated with g�y�. This work, and the advantages
and disadvantages of kernel estimates, are spelt
out in greater detail in Buckland et al. (1993a). For
example, covariates cannot be incorporated in the
modeling with kernel methods.

Another related assumption is that g�y� remains
constant during the survey. Assuming g�0� = 1,
Chen (1996a) uses a kernel estimator for g�y� and
shows that it is robust against changes in g�y�.
However, he only compares the method with the
Fourier series method, which is known to have
poor coverage. The assumption that g�0� = 1 is
often false and new methods have been devel-
oped to avoid this assumption. For example, Quang
and Becker (1997) combine the line transect with
double-count sampling techniques in aerial surveys
and use the double count to estimate the maxi-
mum of g�y�, which will generally not occur at
y = 0, by fitting a Weibull curve to g�y�. Laake,
Calambokidis, Osmek and Rugh (1997), using a
team of observers and appropriate models, actu-
ally estimated g�0� and found it to be considerably
less than 1. In an interesting experiment, Ander-
son and Southwell (1995) had seven experts in
line transect methodology and three novices inde-
pendently analyze a data set from a population
with a known density and found that their perfor-
mance was similar but both groups underestimated
density by about 10%. There have been several
papers where line transect methods are combined
with other methods. For example, Manly, McDon-
ald and Gardner (1996), Alpizar-Jara and Pollock
(1996, see also their references to researchers of
the International Whaling Commission), Borchers,
Zucchini and Fewster (1998), Borchers et al. (1998)
and Skaug and Schweder (1999) combine line tran-
sect methods with multiple observer information
to allow g�0� < 1. Other information such as the
size s of the object can also be incorporated. For ex-
ample, the detection function can now take on the
bivariate form g�y s� and some supporting theory
is described by Buckland et al. (1993a, page 81).
Quang and Becker (1996) use a parametric logis-
tic model involving other covariates as well, while
Chen (1996b) uses a kernel method for estimating
the bivariate density associated with g�y s�. Mack
and Quang (1998) also adopt a kernel approach.
Instead of just having multiple observers, another

approach is to use observers on different “platforms”
such as on different ships or different planes. Some
history related to double-platform methods is given
by Buckland et al. (1993a, page 202ff). Buck-
land and Turnock (1992) use dual observers on
different platforms to combat problems such as
animals moving and g�0� �= 1, while Raftery and
Schweder (1993) propose a Bayesian approach.
Double-platform methods have also been used by
Hiby and Lovell (1998) and Borchers et al. (1999).
An important problem in all these applications is
that of measurement error (Chen, 1998).
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In concluding this section we briefly consider dis-
tance methods based on the point transect, other-
wise known as the variable circular plot survey.
Here the line becomes a point and one measures the
distance y of any animal seen from the point. One
models the detection probability g�y� so that much
of the line transect theory applies here. The stan-
dard reference is, again, Buckland et al. (1993a).
Most applications seem to be to bird populations as
animals may be disturbed or flushed by an observer
approaching the point. Quang (1993) developed a
nonparametric kernel estimator of g�y�. The trap-
ping web design, in which detection occurs by live
trapping (cf. Buckland et al., 1993a, page 275), can
also be analyzed using similar methods. Link and
Barker (1994) modified the analysis to allow for the
fact that the outermost traps are further apart.

2.3 Removal Methods

Removal methods for estimating population size
are special cases of catch-effort methods, where the
effort is assumed constant over sampling occasions
and there is a constant probability of removal on
all occasions (cf. Seber 1982, 1992). They are also
related to the behavioral model Mb in the closed-
population mark–recapture methods (discussed in
Section 3). Two interesting case studies of the use
of the removal method are Helminen, Ennola, Hir-
vonen and Sarvala (1993), who estimated stocks of
fish in Finnish lakes and noted the problems with
violations of assumptions, and Trpis, Häusermann
and Craig (1995), who estimated the number of fe-
male mosquitoes in a Kenyan village. Bedrick (1994)
and Hirst (1994) both derived confidence intervals
for the population size based on the likelihood ratio
(commonly called profile likelihood intervals) and
showed that they performed better in terms of cov-
erage than the usual normal theory large-sample
intervals. Wang and Loneragan (1996) assume the
catchability to be a random variable around the
mean catchability, thus allowing for overdispersion
in the observed catch.
Huggins and Yip (1997) derive a model where the

probability of capture for each animal is a log-linear
function of individual and sampling time covariates.
A conditional likelihood function is then used to ob-
tain estimates of the probability of capture for each
observed animal over the course of the experiment
and the population size can be estimated using the
Horvitz–Thompson estimator mentioned in Section
2. Their method does not assume that the probabil-
ity of capture is constant over the experiment, and
so is applicable in the more general catch-effort case
as well. Yip and Fong (1993) modify the removal
model by releasing a known number of marked indi-

viduals prior to the experiment: they assume equal
probability of capture of marked and unmarked an-
imals. Their model is more general than that of
Skalski and Robson (1982) in that they use a multi-
hypergeometric model, and a constant probability of
capture is not assumed.
There does not appear to be a specialized com-

puter package available to compute estimates for
the removal model, except for program CAPTURE
described at the end of Section 3.2, which estimates
abundance under model Mb.

2.4 Change-in-Ratio (CIR) Methods

As noted in Section 2, change-in-ratio methods
can be used when removals from a closed popula-
tion significantly change the proportions of animals
in two or more attribute classes. A review of the
change-in-ratio approach for estimating closed pop-
ulations and future research directions is presented
by Udevitz and Pollock (1992). Udevitz and Pollock
(1991) develop likelihood theory for the general case
of three or more classes with unequal probability of
sightings in the classes, but where the ratio among
the classes is constant over time. This is further
generalized by Udevitz and Pollock (1995) to incor-
porate effort information and they show that ear-
lier papers by a number of authors are special cases
of this general model. They also show that estima-
tion in change-of-ratio models can be done using a
nonlinear least squares routine available in many
statistical packages such as PROC NLIN in SAS.
Dawe, Hoenig and Xu (1993) combine estimators
from both a change-in-ratio method and an index-
removal method to estimate the number of snow
crabs in a fishery. Chen, Pollock and Hoenig (1998)
extend this approach to include catch-effort infor-
mation as well, and study the gains in efficiency
in combining the various methods. White, Reeve,
Lindzey and Burnham (1996) use a slight modifica-
tion of the usual CIR method, based on three age
composition surveys, to estimate the overwintering
survival rates of fawn and adult deer.

2.5 Radio-Tagging

Radio tag studies are commonly used to estimate
movement of animals, home ranges, habitat analy-
sis, survival and abundance. They have also been
used for detecting groups of animals (e.g., caribou,
by Rivest, Couturier and Crépeau, 1998). The stan-
dard reference is White and Garrott (1990). There
are many papers demonstrating the use of radio-
tagging to estimate various quantities, as any liter-
ature search will quickly reveal—only the method-
ological advances will be reviewed below.
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Surprisingly, most papers in the radio-tagging lit-
erature simply plot the locations of animals and do
not try and quantify the movement among strata
using methods, say, similar to the Cormack–Jolly–
Seber methods discussed in Section 4.2. Another ap-
proach is to try to model the radio-tracking data us-
ing some sort of spatial process; for example, Worton
(1995c) used an Ornstein–Uhlenbeck diffusion pro-
cess. This whole area requires further research.
Related to movement is home range estimation.

Worton (1995a, b) comments that a majority of pa-
pers surveyed used a minimal convex polygon or
modified polygon estimator of home range but notes
that these measures are sensitive to outliers, irre-
spective of the distribution of the inner points. He
recommends a convex hull peeling method for in-
dicating the general shape of the home range. An
alternative approach is to fit a bivariate distribu-
tion to the animal’s relative frequency of using each
point in the area, which is known as the utilization
distribution. The home range can then be defined as
the smallest area containing 95% of this distribu-
tion. Seaman and Powell (1996) investigate kernel
methods for estimating the home ranges using sim-
ulated and real data sets and conclude that these
methods seem to give the most accurate estimates
of the simulated home ranges. Saltz (1994) noted
that a key assumption in radio-tagging studies is
that locations are accurately determined, say by tri-
angulation, and commented that only a few studies
quantified the degree of error in their location mea-
surements. Most of the location errors tend to come
from reflections of the radio signal rather than from
instrument imperfection. Anderson-Sprecher (1994)
used a state-space time-series method to estimate
locations when the signal is noisy. A review of soft-
ware for estimating animal home ranges is given by
Larkin and Halkin (1994).
Some of the problems associated with using radio-

tracking to analyze habitat use were reviewed by
Aebischer, Robertson and Kenward (1993). They
recommended using a method based on the log�xi�,
where xi is the proportion of time an individ-
ual spends in the ith habitat, i=12 � � � D. The
method is similar to the compositional analysis
approach proposed by Aitchison (1986), as the pro-
portions add to 1. Schooley (1994) cautioned that
some of the analyses based on pooling habitat-use
data on animals over long periods of time may be
misleading. Samuel and Kenow (1992) showed how
triangulation error can lead to habitat misclassi-
fication and developed a subsampling technique
to overcome some of the problems. Discriminant
analysis is a technique often used for studying dif-
ferences in vegetation structures or environmental

conditions between sites classified by an animal’s
presence or absence. However, North and Reynolds
(1996) suggested using logistic regression instead
because it is based on fewer assumptions.
Estimating the survival rate of young birds from

hatching to fledging is important for population
management. The standard estimation method in-
volves observing the offspring identified by marks
or radio-tags (cf. Seber, 1992, page 150). A general
method for estimating nest survival is given by
Heisey and Nordheim (1995). They use a general
bivariate contingency table approach based on the
EM algorithm that allows for both censored and
truncated data. By treating broods as clusters, Flint
et al. (1995) and Flint, Sedinger and Pollock (1995)
extend the Kaplan–Meier and Mayfield methods
for estimating survival rates to allow for possible
survival dependence among brood members and for
brood mixing when individuals from one brood be-
come part of another brood. Finally, Craig et al.
(1997) estimated the number of manatees over sev-
eral years by conducting aerial surveys of a number
of sites and using hidden Markov models to account
for the unobserved movement of animals between
surveys. They did not measure the survival and re-
cruitment rates directly, but rather fitted a simple
trend line to assess whether the population size
was declining.
An overview of methods for estimating survival

rates using the above methodology is given by
Bunck and Pollock (1993), who suggest that fur-
ther research is needed in finding methods that are
an alternative to the nonparametric Kaplan–Meier
methods and the fully parametric methods used
for smoothing the survival function. A typical as-
sumption is that all radios are functioning and that
all tagged living animals can be located. Bunck,
Chen and Pollock (1995) show how to modify some
of the previously mentioned estimators to allow for
uncertain relocation, and Pollock, Bunck, Winter-
stein and Chen (1995) show how to combine the
Cormack–Jolly–Seber and Kaplan–Meier methods
for survival estimation to allow for uncertain detec-
tion of radio-tagged animals. This combined model
appears as a specific multistrata capture–recapture
model in Lebreton, Almeras and Pradel (1999).
Radio-tagging can be combined with other meth-
ods. A common problem when birds are ringed as
nestlings is that not all the survival parameters
can be estimated; this is known as the noniden-
tifiability problem. However, Freeman, Morgan
and Catchpole (1992) showed how to incorporate
radio-tagging information with ring-recovery infor-
mation to overcome this problem. Underlying all
this theory is the key assumption that survival is
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unaffected by the presence of a radio. However,
Johannesen, Andreassen and Steen (1997) show
that it is fairly straightforward to design a study
to compare the survival rates of radio-collared to
non-radio-collared animals.
Most of the methods that use radio-tagging to

estimate population size use simple Petersen esti-
mators (see Section 1) or a combination of Petersen
estimators (mark–resight methods) as outlined, for
example, by White and Garrott (1990) and Neal
et al. (1993). White (1993a) compares several such
estimators using simulation. The key difference be-
tween radio-tagging and mark–recapture methods
is that in radio-tagging studies unmarked ani-
mals are usually not captured. Bowden and Kufeld
(1995) construct some new confidence intervals of
population size with better coverage than the usual
one based on the asymptotic normality of the Pe-
tersen estimate. Neal et al. (1993) and Miller et
al. (1997) accommodate immigration and emigra-
tion by using the known subset of radio-collared
animals present in the study population as an in-
dication of movement in or out of the study area.
The program NOREMARK (White, 1996b) can be
used in these circumstances to estimate popula-
tion size. Strong, Sawicki and Bancroft (1994) use
radio-tagged pigeons to estimate a regression rela-
tionship between number of nests and the number
of incoming birds, and then use this relationship
to estimate the number of nests on various keys in
Florida.

2.6 Relative Population Density

As discussed in Seber (1982), it is not always
possible to estimate the population density directly.
Sometimes researchers have to make do with just a
relative measure or index of density based, say, on
animal signs. For example, one can use the num-
ber of calls per unit area for birds, or droppings
and tracks in the snow for large animals as a mea-
sure of population density. Roadside counts are also
used extensively. These indices are based on the
idea that a fixed amount of searching effort will
always locate a fixed proportion of the population.
This implies that the index is proportional to the
density and that the rate of proportionality is (hope-
fully) constant. As noted in Section 1, if the index
doubles we would like to be able to infer that the
population has doubled. Examples of surveys that
use some of the above indices to estimate popula-
tion densities are the Common Birds Census, the
Waterways Birds Survey and the Constant Effort
Sites (CES) Ringing Scheme in the United King-
dom, and the North American Breeding Bird Survey
and Christmas Bird Count in North America. A col-

lection of papers from a recent symposium on this
index method, commonly referred to as the Point
Count method, is found in Ralph, Sauer and Droege
(1995). The optimal allocation of effort among sites
and count duration is discussed by Barker, Sauer
and Link (1993). Peach, Buckland and Baillie (1996)
discuss some statistical methods associated with the
Constant Effort Sites scheme with regard to mist-
netting, whereby birds are captured in an almost
invisible hanging net. Similar indices are used in
fisheries where catch per unit effort (CPUE) is used
as a measure of relative abundance. We have not
tried to review the extensive literature associated
with this method but simply refer the reader to the
fisheries literature and the books mentioned at the
beginning of this review.
There have been several recent articles discussing

the formal analysis of relative density studies us-
ing quasilikelihood methods and accounting for
changes in the ability of observers to see animals
(Sauer, Peterjohn and Link, 1994; James, McCul-
loch and Wiedenfeld, 1996; Kendall, Peterjohn and
Sauer, 1996; Link and Sauer, 1997). White and Ben-
netts (1996) use likelihood ratio methods based on
the negative binomial model to make comparisons
of the mean counts per sampling unit for different
populations. They compare their method with the
usual ANOVA or Poisson regression methods. Al-
though the ANOVA method is fairly robust against
departures from the usual assumptions such as
normality, it is limited in the parameter compar-
isons that can be made. The Poisson regression
method performed poorly even when corrected for
overdispersion.
As noted in Section 1, it is sometimes possible to

convert the index to an estimate of absolute abun-
dance, for example, if one has a stable estimate of
the number of calls per bird. In certain instances,
sign counts can be calibrated by using sign-marking
techniques. Skalski (1991) developed a theory for
the situation in which there is an initial capture of
animals and these are then marked so that their
subsequent signs can be distinguished from the
signs left by unmarked animals.

3. CAPTURE–RECAPTURE METHODS FOR
CLOSED POPULATION MODELS

3.1 Single Recaptures—the Petersen Estimator

The Petersen estimator mentioned in Section 1
is the simplest estimator used in mark–recapture.
It has been used extensively this century to esti-
mate population size for animal and human popu-
lations; in the latter case it is also known as a dual-
list method. Fienberg (1992), Pollock, Turner and
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Brown (1994) and Chao and Tsay (1998) present
reviews of its use to estimate census undercounts.
Rockwood and Whiting (1992) present an example
where the Petersen method is used to estimate the
number of hunter-trips where the first sample is a
self-completed questionnaire and the second sample
is obtained from a telephone survey of license hold-
ers. Laska and Meisner (1993) illustrate the use of
a modified Petersen-type estimator where the first
sample is replaced by a set of planted individuals
who are added to the initial population. The second
sample records the total number of individuals and
the number of planted individuals observed. Fur-
ther methods using planted individuals are men-
tioned in the next section. Sometimes a series of
Petersen estimates is generated and it is of inter-
est to regress the estimates against environmental
covariates. Skalski (1996) compared weighted least
squares and direct modeling approaches, and rec-
ommended the latter. A Petersen-like estimator for
area sampling was presented by Jensen (1992), who
used a sampling method similar to the two-stage
sampling method mentioned previously in Section
2.1. In this method, fish are marked and released
in an enclosed subarea of the population, and then
the second sample is obtained by killing the fish on
a subsubsample of the area where the fish were re-
leased, using toxicants or explosives.
The assumptions and properties of the Petersen

estimator are now well known. Recent work has con-
centrated on developing variants of the Petersen es-
timator to account for violation of its assumptions.
Rajwani and Schwarz (1997) showed how to modify
this estimator to account for tags that were over-
looked during the initial recovery sample by using
a second recovery sample to estimate the number of
tags missed. Anderson (1995) showed how to modify
the estimator to account for size selectivity in the
probability of capture. Lloyd (1998, personal com-
munication) has developed a method suitable when
a size attribute (say length) can be measured in both
samples and the size selectivity does not change be-
tween samples. A smoothed histogram is first con-
structed for the length data to reflect the product of
actual abundance at each length and sampling ef-
fort. Then a smoothed histogram is constructed for
both the recaptures and the newly captured animals
at the second sample. From the three curves, a Pe-
tersen estimate can be obtained for each length and
the resulting estimates are then “integrated” over
length to get an estimate of total abundance.
These studies, where different sizes have dif-

ferent probabilities of capture, are an example of
where the captures and recaptures should be strat-
ified. Darroch (1961) first considered the case of

stratification in time or space to remove the effects
of heterogeneity but was only able to obtain the
maximum likelihood estimates for the case when
the numbers of release and recovery strata were
equal. Plante (1990) and Plante, Rivest and Trem-
blay (1998), however, obtained a general likelihood
for cases where the number of strata were un-
equal. Banneheka, Routledge and Schwarz (1997)
developed a least-squares estimator that is easy to
compute. Dorazio and Rago (1991) investigated un-
der what conditions the stratified-Petersen method
would tend to give out-of-range estimates of nui-
sance parameters such as recovery probabilities,
that is, give estimates out of the �01� range.
Schwarz and Taylor (1998) present a survey of the
use of the stratified-Petersen estimator in fisheries
management and discuss many of the practical
problems that can occur with real data. Most of the
methods presented have been implemented in the
computer package SPAS (Arnason, Kirby, Schwarz
and Irvine, 1996), except that users must exercise
caution as estimates may be out of the parameter
space (but see Plante, Rivest and Tremblay, 1998,
who have a method of scoring to prevent this).
Ironically, the stratified-Petersen method is often
too general in that it allows arbitrary patterns of
movement among strata. If the movement can be
modeled, more efficient estimates can be obtained.
For example, Dempson and Stansbury (1991) used
partial-counting fences and the stratified-Petersen
estimator to estimate the number of Atlantic smolt
going to ocean. Here a “fence” is a type of trap
from which one can regularly sample the fish mov-
ing downstream or make releases of tagged fish.
Schwarz and Dempson (1994) developed a model
for the actual travel times between the release and
recovery fences that avoided many of the problems
found when using the ordinary stratified-Petersen
estimator.
New methods of “tagging” continue to be sought.

For example, photographs can play an important
role not only for whales and dolphins (cf. Seber,
1992) but also for other animals such as tigers
(Karanth, 1995) and grizzly bears (Mace, Mionta,
Manley and Aune, 1994). A very promising tech-
nique is genetic tagging, applied to humpback
whales by Palsbøll et al. (1997).

3.2 Multiple Recaptures

Capture–recapture methods defined earlier in
Section 1 and developed in the previous section
have a variety of uses. For example, with open pop-
ulations, they have been used to check whether an
index of population size is always a constant multi-
ple of the actual population size (Van Horne et al.,
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1997, burrow entrances), to make ecological risk
assessments for vertebrate populations (Anderson,
White and Burnham, 1995), to obtain a global pic-
ture of survival rates for the Northern Spotted Owl
using a “metaanalysis” approach in which one fits
a global model with a large number of parame-
ters (Burnham, Anderson and White, 1996) and to
study the effect of group size on the survival of relo-
cated prairie dogs (Robinette, Andelt and Burnham,
1995). In closed populations, they have been used
to estimate the number of errors in a computer sys-
tem (Chao, Ma and Yang, 1993; Yip, 1995; Goudie,
Pollock and Ashbridge, 1998) and to estimate the
amount of undercount in surveys and censuses
(cf. Chao and Tsay, 1998, and their reference list).
Capture–recapture is now used extensively in epi-
demiology to estimate the size of a population of
people with a particular disease or characteristic
from a number of incomplete lists. This is known
as the multilist problem (see IWGDMF, 1995a, b;
Chao, 1998). Here “being caught in sample i” is now
replaced by “being on list i.” A novel application to
plant populations is described by Alexander, Slade
and Kettle (1997). Below we discuss several families
of methods. What is needed now is a comparative
study of these methods with respect to robustness
to departures from underlying assumptions and the
efficiency of estimation.
Seber (1992) described eight models for a closed

population, commonly referred as M0, Mt, Mb, Mbt,
Mh, Mht, Mbh and Mbht, which could be used for
estimating the population size N. Here the sub-
scripts refer to the effects of time, behavior and
heterogeneity. These subscripts are now used rather
loosely: for example, heterogeneity can be expressed
in a number of different ways. When it comes to con-
structing confidence intervals for N, we reempha-
size Seber’s comment that profile likelihood methods
are generally recommended for constructing confi-
dence intervals (see Cormack, 1992) instead of using
intervals based on the asymptotically normal prop-
erties of maximum likelihood estimators. Bolfarine,
Leite and Rodrigues (1992) raise some of the prob-
lems that can occur with a likelihood approach and
suggest a Bayesian alternative. As is well known,
likelihood methods are available for the first four
models, with removal-type models for Mh and Mbh.
Lloyd (1994a) provides a helpful overview of the first
three. He reiterates a fact, noted by Darroch (see Se-
ber, 1982, page 164), that nothing is gained by us-
ing M0, which assumes that probability of capture is
constant for all samples, instead of Mt, which allows
the probability to vary with time. He (Lloyd, 1994b)
also compares several confidence-interval methods
for M0. Various ad hoc nonparametric methods such

as the jackknife technique have been used in the
past for models Mh and Mbh (Seber, 1992). Care is
needed in choosing the order of the jackknife estima-
tor for the model Mh when the capture probabilities
are low (Rosenberg, Overton and Anthony, 1995).
Boulanger and Krebs (1996) compared various mod-
els for estimating the size of a snowshoe hare pop-
ulation to see how robust they were with respect to
various sources of bias such as trap saturation. They
found that the jackknife estimator for model Mh

was the most robust. Following a different approach,
Norris and Pollock (1995, 1996a) use the theory of
mixture models combined with the EM algorithm to
develop nonparametric maximum likelihood estima-
tors and associated goodness-of-fit statistics for Mh

and Mbh. This method is very promising as it pro-
vides, among other things, an estimate of the dis-
crete probability-of-capture distribution for the pop-
ulation, thus giving some idea as to the degree of
heterogeneity. Using a logistic framework, Pledger
(1998) extends this method of mixtures to provide
estimation procedures for all of the eight models.
An important aspect of capture–recapture studies
is the effect of movement and trap layout on popu-
lation estimates (Crist and Wiens, 1995). Norris and
Pollock (1996b) discuss a bootstrap approach for es-
timating N in closed populations which takes into
account the fact that the model is unknown. They
also include some recommendations for open popu-
lations.
A fruitful concept in capture–recapture applica-

tions is that of sample coverage. This is defined as
sum of the probabilities of capture of all the individ-
uals ultimately caught in the experiment, divided by
the sum of these probabilities for the whole popu-
lation. It was originally used to provide a method
of estimating the number of species (i.e., groups) in
a population (cf. Bunge and Fitzpatrick, 1993, for a
brief review). Using this idea, Anne Chao and col-
leagues (Chao, Lee and Jeng, 1992; Lee and Chao,
1994) have developed estimators of N for all eight
models, as discussed in Seber (1992). Lee and Chao
(1994) assumed that the relative efforts used for col-
lecting the different samples are known in models
Mbt and Mbht. This assumption is relaxed by Lee
(1996), who uses a conditional version of sample
coverage to provide estimates for these two models.
Chao and Lee (1993) develop a coverage estimator
for Mht for continuous-time models which uses only
the frequencies of capture. From simulation studies
they concluded that their estimator is most reliable
when there is a reasonable amount of heterogeneity
in the population.
The martingale method, which springs from the

theory of optimal estimating equations for stochas-
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tic processes (Godambe, 1985; Lloyd, 1987), was
initially applied to capture–recapture models by
Becker (1984) and Yip (1989), as referred to briefly
in Seber (1992) (see also Lloyd and Yip, 1991). The
method is based on using martingale theory to set
up weighted estimating equations and then choos-
ing the weights to minimize a certain information
expression related to the asymptotic variance. Yip
(1989) used unweighted estimating equations for
the binomial formulation of Mt associated with
random sample sizes and derived the “Schnabel es-
timator” of N, which is known to be inefficient. Yip
(1991a) then used optimal weights to get an asymp-
totically efficient estimator and extended the theory
(Yip, 1991b) to allow for known removals such as
accidental losses on capture. He then developed the
same theory but for the hypergeometric formula-
tion associated with fixed sample sizes (Yip, 1993).
Lloyd (1994a) presented an estimate of N for the
model Mb and a regression estimate for a special
case of Mbt. He showed that the estimates of N for
the models Mt and Mb are asymptotically fully effi-
cient even though they are very different from the
usual maximum likelihood estimators. Yip (1991c)
applied the martingale theory to the model Mh us-
ing a beta distribution to model individual capture
probabilities.
Chao, Yip, Lee and Chu (1999) present a more

general estimating equation (cf. Liang and Zeger,
1995) which incorporates sample coverage for the
model Mbht under a constrained multiplicative
structure for the capture probabilities. They derive
estimators for all eight models, including those al-
ready mentioned above for models Mb, Mt and Mbt

which used martingale estimating equations; the
other estimators are new. However, the estimators
for N in Mh and Mht depend on the order of the
samples, in contrast to the estimators of Lee and
Chao (1994), which do not.
The martingale approach also lends itself to the

development of continuous-time models where indi-
viduals are captured one at a time. Yip (1989, Ta-
ble 2) gives a nice example of the method under
a model Mt formulation, but he used unit rather
than optimal weights so that the estimator for N
is less efficient than the maximum likelihood esti-
mator (Wilson, 1992: see also Wilson and Anderson,
1995). However, Becker and Heyde (1990) derived
the maximum likelihood estimator and showed that
the previous estimator has at least a 95% asymp-
totic efficiency when not more than half the popula-
tion proportion is captured (see also Yip, Fong and
Wilson, 1993). When optimal weights are used, Yip,
Fong and Wilson (1993) arrive at the same maxi-
mum likelihood estimator obtained by Darroch and

Ratcliff (1980) but using a different model. The lat-
ter estimator and several others are considered by
Wilson and Collins (1992) for models M0 and Mt.
Becker (1984) provided an estimator for the model
Mht assuming a gamma distribution for individu-
als’s capture intensities. He did not use optimal
weights and therefore the estimator was not fully
efficient: it also had some other undesirable fea-
tures such as being affected by behavioral effects in
the capture probabilities (cf. Wilson and Anderson,
1995). Incorporating the concept of sample cover-
age into the martingale-based estimating equations
with optimal weights, Yip and Chao (1996) develop
an alternative estimator for Mht which does not
require the gamma distribution assumption. Yip,
Huggins and Lin (1996) develop a continuous-time
version of Huggins’s (1989) discrete model for Mh

which incorporates covariates for estimating cap-
ture probabilities. They use a Horvitz–Thompson es-
timator as described in Section 2 for estimating N.
An interesting application of the martingale

method using the Mt model is to detect the number
of errors in a system such as a software package.
This can be done by randomly inserting a known
number of errors (marked individuals) into the sys-
tem and then sampling one at a time. When an
error is encountered, it is either removed as in the
removal method (Yip, 1995) or retained for further
“recapture” (Yip, 1996). The method of planting
“tagged” individuals, mentioned briefly in the pre-
ceding section, has also been studied by Goudie and
colleagues (e.g., Goudie, 1995; Goudie, Pollock and
Ashbridge, 1998).
Bayesian models continue to be developed (Un-

derhill, 1990; Bolfarine, Leite and Rodrigues, 1992;
and Garthwaite, Yu and Hope, 1995, who discuss
model Mt). With the advent of the Gibbs sampler,
mentioned earlier in Section 2, there is an upsurge
of interest in Bayesian methods as more realis-
tic priors can be used and compared (George and
Robert, 1992; Lee and Chen, 1998). Madigan and
York (1997) apply Bayesian methods to the multi-
list problem mentioned previously in the context of
epidemiology and use the methods to incorporate
model uncertainty into the variance of the popu-
lation estimates. Ananda (1997) uses a Bayesian
method to analyze a mark–resighting survey in
which an initial number of individuals are marked
and in subsequent samples the tagged individuals
are just resighted rather than recaptured.
Log-linear models are particularly useful for mod-

eling both capture dependencies between samples
and heterogeneity. They were initially introduced
by Fienberg (1972) for capture–recapture models
and further developed by Cormack (1989), who re-
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lated the parameters from the model to functions of
the biological parameters for the models M0, Mt and
specific Mb and Mbt. Cormack (1993a) discusses the
use of generalized linear models in the analysis of
recapture data and Cormack (1993b) provides esti-
mates of the variance of mark–recapture estimates
using such models. The variance estimates had pre-
viously been difficult to obtain. Evans, Bonnett and
McDonald (1994) give a very general method for
analyzing such models which uses simpler func-
tions of the biological parameters. This is achieved
by building restrictions into the estimation process.
For example, the log-linear version of the model
Mt in which pi is the probability of being caught
in sample i (or at time i) can only incorporate
both log�pi� and log�qi� by imposing the constraint
pi + qi = 1. They develop a new general model
for Mbt which includes the previous three models
as special cases. They handle the remaining het-
erogeneity models by using stratification based on
covariate information; this leads to a whole range
of other submodels and follows the current trend of
expanding generalized linear models. Evans, Bonett
and McDonald also introduce the first log-linear
model to fit removal data. This alternative ap-
proach to modeling capture–recapture models looks
very promising. In a companion paper, Evans and
Bonett (1994) show that the biases of the estimates
for a k-sample capture–recapture experiment can
be reduced by adding �0�5�k−1 to each cell in the
multiway contingency table for the recaptures. In
another paper, Evans and Bonett (1992) consider
a modification to the theory in which sampling is
performed without replacement on the last trap-
ping occasion: the other samples can be statistically
dependent. By modeling heterogeneity differently,
two further kinds of model are developed by Agresti
(1994) for Mht. These are special cases of the Rasch
additive model of psychology and have the property
of “quasisymmetry.” One is a log-linear model and
the other is a latent class model. Carriquiry and
Fienberg (1998a, b) discuss recent developments
in log-linear and Rasch models and illustrate their
application to capture–recapture models.
When applying capture–recapture methods in epi-

demiology, heterogeneity and list dependence (the
behavior component) are the norm. Also, in contrast
to capture–recapture applied to animal populations,
there is no time order for lists so that the “time ef-
fect” is now a list effect. Thus all three factors are
generally present and the general model Mbht is the
most appropriate one to fit. An alternative method
of estimation using the idea of average sample cov-
erage described above is given by Chao, Tsay, Shau
and Chao (1996) and Chao and Tsay (1998). Be-

cause this area has been reviewed extensively by
Chao (1998) and IWGDMF (1995a, b), we will not
expand on new developments in this topic except to
note that the uncertainty introduced by model se-
lection is now being incorporated into the estimates
(Hook and Regal, 1997; Madigan and York, 1997).
Manning, Edge and Wolff (1995) provide one of

those all too rare studies in which various methods
are compared for populations of known size; in this
case, nine closed populations of voles were available.
The populations were small (30, 60 or 90 animals),
4 trapping occasions were used and 11 estimators
compared. Heterogeneity of catchability seemed to
be the main factor in the choice of models, and the
jackknife estimators did surprisingly well. Crist and
Wiens (1995) examine whether movements of indi-
vidually marked beetles can be modeled as coming
from a correlated random walk and showed that
estimates of population size based upon capture–
recapture studies may be biased because of failure
to account for the movement patterns of the indi-
viduals.
The program CAPTURE (Rexstad and Burnham,

1992) is a comprehensive package for fitting many of
the models described above that have an associated
likelihood and some of the Chao coverage models.
The program can provide estimates of both density
and abundance. Any standard statistical package
that can fit log-linear models can be used to esti-
mate the parameters in these models. Some special-
purpose software (e.g., for the nonparametric het-
erogeneous likelihood) are available directly from
Rexstad and Burnham. However, it should be noted
that model selection is not easy with some data sets
and that corresponding hypothesis tests can have
low power.

3.3 When Not All Animals Can Be Distinguished

In some cases, a known number of marked
animals is released into a population, but in subse-
quent captures, unmarked animals are not marked.
For example, radio-collared animals may be re-
leased, in which case subsequent sightings include
both collared and uncollared animals, but no fur-
ther animals are collared. The methods in which
animals are simply resighted rather than recap-
tured after their initial marking and releasing are
often known as mark–resight methods. A Petersen
estimator can be constructed at each sample time,
and White and Garrott (1990) discuss how to com-
bine these estimates. Neal et al. (1993) extend this
approach to accommodate immigration and emi-
gration. Minta–Mangel (1989) propose a bootstrap
estimator based upon the frequency of resight-
ings of marked individuals and the total sightings
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of unmarked individuals (some of which may be
spotted more than once). Arnason, Schwarz and
Gerrard (1991) modified the Minta–Mangel esti-
mator to cases where the number of marks is not
known when the sample is taken. White (1993a)
showed that confidence interval coverage for the
Minta–Mangel procedure was not satisfactory and
proposed a revised estimator, while Bowden and
Kufeld (1995) proposed an improved method for
computing confidence intervals that have good cov-
erage. Gardner and Mangel (1996) updated the
earlier estimators to allow for the incomplete de-
tectability of the animals and they estimate the
probability of detection using observations from
two observers. Wileyto, Ewens and Mullen (1994)
discuss an interesting experiment where animals
are self-marked, and the changes in the marked
fraction over time can be used to estimate the
population size using Markov chain models. In
a follow-up article, Wileyto (1995) examined the
robustness of this method to violations of assump-
tions and found that large biases could occur if
the population is open or if behavior changes after
self-marking. Finally, we note that many of the es-
timators for mark–resight studies can be computed
using NOREMARK (White, 1996b).

4. CAPTURE–RECAPTURE METHODS FOR
OPEN POPULATIONS

Research in this area has been very intense in
the last few years. In particular, investigators have
concentrated in the following areas: band-recovery
models, where typically only a single resighting is
possible (e.g., from the recovery of the dead ani-
mal) and emphasis is on estimating survival and
not abundance; Cormack–Jolly–Seber type mod-
els, where multiple recaptures are possible for any
animal, but there is no information on unmarked
animals so that the emphasis is again on just es-
timating survival; Jolly–Seber models, where both
abundance and survival are of interest; and fi-
nally miscellaneous methods that combine features
from the previous three types of models. There has
also been a consolidation and unification of many
previously separate types of models. For example,
recoveries from both dead and live animals have
been integrated into a single modeling framework.
Many of the recent advances have been published
in the various EURING proceedings (Lebreton and
North, 1993; North and Nichols, 1995; North and
Baillie, 1999). Lebreton (1995) provides a helpful
summary of possible future development and gives
useful links to survival models used in human
health studies.

We now discuss each of the research areas men-
tioned above.

4.1 Single Recoveries

4.1.1 General comments. This is a special case of
general capture–recapture models where animals
are recaptured only once, typically from the return
of dead animals. There are a number of terms for
these types of studies, the most common being tag-
recovery, band-recovery and ring-recovery. Many of
the recent developments and applications in bird
populations were first presented in the EURING
conference proceedings. The emphasis in these stud-
ies has been in estimating survival rates.
The basic modeling framework was summa-

rized by Brownie, Anderson, Burnham and Robson
(1985), which is now the standard reference for
these types of models. Dorazio (1993) developed
models similar to those of Lebreton, Burnham,
Clobert and Anderson (1992) which allow the mod-
eling of survival and band-recovery rates to vary
among groups. Cormack and Skalski (1992) use a
log-linear analysis of the returns from coded-wire
tagged fish that could also be used for the analysis
of band recoveries. A planning tool for studies with
two banding periods per year was developed by
Otis (1994). Pollock, Hoenig and Jones (1991) gen-
eralize the formulation of the models in Brownie
et al. (1985), but in a fisheries context, to incor-
porate additional information about tag reporting
from a creel survey or port sampling. This allows
for the separate estimation of the natural and fish-
ing mortalities. A Bayesian approach for handling
band-recovery models is given by Brooks, Catchpole
and Morgan (1999).
In some applications to game management, esti-

mates of harvest are needed. Check stations or tele-
phone surveys are common methods of estimation.
Some of the biases associated with these methods
and the common problem of incomplete responses
are discussed by White (1993b) and Steinert, Rif-
fel and White (1994); further references are cited by
these authors.
The programs ESTIMATE, BROWNIE and MULT

(Brownie et al., 1985; reviewed by Conroy, 1995)
are the standard tools for the analysis of simple
band-recovery experiments. More complex models
can be fitted by SURVIV (White, 1983). Because
band-recovery models are a special case of the
Cormack–Jolly–Seber model, programs developed
for the latter can also be used, for example, SURGE
(Pradel and Lebreton, 1991), MARK (White and
Burnham, 1999) or EAGLE (Catchpole, 1995), the
latter a package written in MATLAB. Most models
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can also be fitted as log-linear models with GLIM
or S-PLUS.

4.1.2 Animals banded when young. It was noted
in previous reviews (e.g., Seber, 1992, page 148)
that, when animals are banded as young, there
are problems in maximizing the likelihood function
associated with Seber’s (1971) model for this exper-
iment. It was recommended that the method not be
used unless an independent estimate of one of the
parameters was available—such as information on
survival of nestlings from radiotelemetry. However,
Freeman, Morgan and Catchpole (1992) demon-
strated some problems in Seber’s approach and do
not recommend it as any error in estimating the
first-year survival rate permeates the other esti-
mates. Also, Catchpole and Morgan (1994) obtained
explicit conditions that determine when estimates
on the boundary of the parameter space will oc-
cur. Earlier, Morgan and Freeman (1989) showed
how to solve this problem using a more general
formulation, namely by allowing calendar-year de-
pendence of survival rates for first-year birds. They
illustrated the approach with a number of exam-
ples (Freeman and Morgan, 1990). Freeman and
Morgan (1992) extended this model by also allow-
ing calendar-year dependence of the reporting rates
and by allowing age-dependence of survival rates
for older birds. However, Catchpole, Freeman and
Morgan (1995) showed that some models with age
dependence still had nonidentifiability problems,
and they were able to identify which were the
models with parameter redundancies using the ap-
proach of Catchpole, Freeman and Morgan (1996)
and Catchpole and Morgan (1997). Catchpole and
Morgan (1996) noted that likelihood ratio tests are
especially problematic in these models because of
the problems in model fitting and because of pa-
rameter estimates on the boundaries of parameter
spaces. They investigated the use of score tests and
found that these performed very well. Catchpole,
Freeman and Morgan (1993) demonstrated that ad-
ditional information from recaptures at the end of
the study greatly increased the precision of other
estimates and reduced the boundary problems.
Two case studies of these methods are presented

by Francis (1995) and Freeman and North (1990).
Model fitting can be done for these studies us-
ing SURVIV (White, 1983) or EAGLE (Catchpole,
1995). Finally, Vounatsou and Smith (1995) present
a Bayesian analysis using Markov chain Monte
Carlo methods and reanalyze some of the data
sets of Freeman and Morgan (1992). However, the
unique estimates from the Bayesian analysis are
heavily dependent on the priors in the parameter-

redundant cases (Brooks, Catchpole, Morgan and
Barry, 1999).

4.1.3 Estimating movement. In most studies, re-
coveries are simply plotted on a map and a discus-
sion of the general movement patterns takes place
without trying to quantify the amount or direction
of movement. This is because the movement pat-
terns are often confounded with the distribution of
recovery efforts. In recent years, there has been
some work that addresses the development of esti-
mation methods for movement rates using capture–
recapture rates, but most of this has taken place in
the context of multiple-capture models of which the
single-recovery model is a special case. The simplest
types of studies have a single release time and a sin-
gle recovery period. The stratified-Petersen method,
discussed earlier, can be used to estimate movement
rates among the strata.
Much of the development of methodology for es-

timating movement with multiple release times
and multiple recovery times has taken place in
a fisheries context. Schwarz and Arnason (1990),
Schwarz, Schweigert and Arnason (1993) and
Schweigert and Schwarz (1993) demonstrated how
to estimate migration among geographic strata
based upon releases and recoveries from all strata.
Schwarz (1993) used a similar methodology to study
the movement of ducks among flyways in North
America. A different approach, however, was taken
by Hilborn (1990) and Heifetz and Fujioka (1991),
who directly modeled the population dynamics of
fish movements and captures using catchability co-
efficients and known efforts. Anganuzzi, Hilborn
and Skalski (1994) extended the model to account
for size selectivity. Xiao (1996a) developed a plan-
ning aid to assist in designing experiments using
this model to determine necessary sample sizes and
efforts to achieve a specified precision. Finally, us-
ing a random walk approach, Manly and Chatterjee
(1993) developed a model where the probability
of recapture is modeled as a function of the dis-
tance of the recapture site from the release site, the
probability of survival and possibly environmental
variables.

4.1.4 Assumptions of the single-recovery model.
The assumptions and the effects of their viola-
tions upon model estimates have been extensively
reported (Brownie et al., 1985, and appendices).
Barker (1992) examined the effects of heterogene-
ity upon confidence interval coverage for survival
rates and found that, except in extreme cases, cov-
erage was close to nominal levels. Burnham and
Rexstad (1993) and Rexstad and Anderson (1992)
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developed models that explicitly account for hetero-
geneity in survival rates among animals. Lebreton
(1995, page 1021) suggested using frailty models
from epidemiology combined with radio-tracking
to explore heterogeneity. Powell, Clark and Klaas
(1995) used the postrelease stratification models
of Schwarz, Burnham and Arnason (1988) to de-
tect heterogeneity in survival rates among recovery
areas. Heterogeneity is also likely to exist in recov-
ery rates and band-reporting rates. For example,
Piper (1995) modeled the ring-recovery process
and showed that the rates varied with color, type
of band and area of recovery. Through a reward
banding study in which people are rewarded for re-
turning bands, Nichols et al. (1995) showed that
geographic location had a large effect on reporting
rates. Nichols et al. (1991) developed a logistic re-
gression equation to predict the reporting rate as
a function of the reward value. An interesting ex-
periment using postcards as surrogates for tags to
estimate tag return rates was done by Zale and
Bain (1994).
The effects of tag loss are well known. There have

been many papers estimating actual tag-loss rates
(through double-tagging experiments) and compar-
ing them among groups such as sex or age (e.g.,
neck bands in geese by Johnson, Shieck and Sear-
ing, 1995; anchor tags in sturgeons by Clugston,
1996; different tag location and type in seals by
Stobo and Horne, 1994). Treble, Day and Quinn
(1993) examine the effects of changes in the tag-loss
rate upon estimates of survival. Barrowman and
Myers (1996) extend existing double-tagging meth-
ods to include a general formulation for multiple-
tag types. They show how the inclusion of single-
tagged subjects released simultaneously with the
double-tagged subjects provides more precise esti-
mates and enables one to test hypotheses previously
thought untestable. Xiao (1996b) develops a model
to estimate tag-loss rates based on exact or pooled
time at liberty from double-tagging experiments and
shows that these are a generalization of several ear-
lier models developed for tag loss. A double-tagging
experiment can also be used to test if one of the
tags has an effect upon subsequent survival, as il-
lustrated by Castelli and Trost (1996), who exam-
ined the effect of neck bands upon the survival of
Canadian geese.
When studying survival (or mortality) rates, a

number of questions and hypotheses arise. For ex-
ample, with harvested wildlife we would like to
split total mortality into its various components.
Pollock, Conroy and Hearn (1995) provide a re-
view of methods for separating hunting and natural
mortality using various modifications to the study

design (e.g., reward band, planted bands, surveys
and preseason and postseason bandings), thus sum-
marizing the work by Pollock, Tsai and Hoenig
(1994). Conroy, Williams and Hines (1995) point
out that earlier work (Conroy, 1985) included many
of the features of this later work. Myers, Barrow-
man and Hutchings (1997) used a single release to
apportion mortality among different fishing regions
for the Atlantic cod, but had to make several strong
assumptions about the model and parameters to
fit their model. Survival can also be affected by
other factors. For example, Krementz, Barker and
Nichols (1997) used a logistic model with covari-
ates to examine the effects of geographic location,
body mass and phylogeny in the variations in an-
nual survival of waterfowl from around the world.
Hestbeck, Nichols and Hines (1992) examined the
relationship between survival rates and migration
distances. There can also be age and sex differ-
ences in survival, and these differences can tell
us something about the timing, magnitude and
causes of mortality. Reynolds, Blohm, Nichols and
Hines (1995) studied such questions for mallards
by using spring and summer banding of young and
older birds. Is the effect of hunting on annual sur-
vival compensatory or additive? This long-standing
question (cf. Seber, 1992, page 149) was examined
by Barker, Hines and Nichols (1991) and Rexstad
(1992).
In conclusion it is stressed that the sample of an-

imals tagged should be a representative sample of
the population, although in practice most recaptures
tend to be convenience samples. Dufour, Ankney and
Weatherhead (1993b) examined convenience sam-
ples when selecting birds to be banded and showed
that they were far from representative of the popu-
lation. Similarly, it is often assumed that recoveries
are a representative sample, which again may not
be true. Dufour, Ankney and Weatherhead (1993a)
showed that body condition was related to recovery
for waterfowl.

4.2 Cormack–Jolly–Seber Models—Estimating
Survival

A key paper in the analysis of Cormack–Jolly–
Seber (CJS) models for tagged individuals only was
that of Lebreton et al. (1992), who described a uni-
fied general methodology for the estimation of sur-
vival and catchability from several groups of ani-
mals using an ANOVA-type framework for model
specification and the Akaike information criterion
(AIC) for model selection. Their paper expanded and
integrated the theoretical work of Burnham (1991)
and some of the generalized linear model philosophy
followed by several authors. Using their methodol-
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ogy, one is able to test, for example, if survival rates
are the same among different groups of animals or
if they are equal over time. Individual animal co-
variates can also be handled (Skalski, Hoffman and
Smith, 1993; Kingsolver and Smith, 1995). These
developments have given rise to literally hundreds
of papers exploiting this very powerful methodol-
ogy as exemplified by the proceedings of the EUR-
ING conferences. The papers by Baillie (1995) and
Clobert (1995) give a good overview of these ap-
plications. Some predictions about future research
in this area were given by Anderson, Wotowa and
Rexstad (1993) and Lebreton (1995), and many of
these predictions have have been realized and pre-
sented at subsequent EURINGmeetings. There are,
of course, always special variations on the general
model. For example, to get around the problem of
sparse fish data, Modde, Burnham and Wick (1996)
proposed using an annual sequence of Petersen es-
timates based on pairs of consecutive years to give
some idea of population trend. Survival rates are
calculated by the usual methods for CJS models.
Again, one of the models often considered in the
CJS framework is equal survival over all time peri-
ods. However, this may be too restrictive, and Burn-
ham (1999) presents a model where the survival
effects vary randomly among years around a com-
mon mean—similar to random effects in an ANOVA
model. A Bayesian approach to CJS models is given
by Brooks, Catchpole and Morgan (1999).
The software package SURGE was the first

package that could be used to fit these CJS mod-
els for just the tagged individuals and has gone
through several generations (Pradel and Lebre-
ton, 1991; Pradel, Reboulet and Viallefont, 1995;
Reboulet, Viallefont, Pradel and Lebreton, 1999).
Cooch, Pradel and Nur (1997) have a very detailed
monograph with many biological examples illus-
trating the use of SURGE. A newer program, called
MARK (White and Burnham, 1999; White, 1998),
has the capabilities of SURGE but also includes
band-recovery, the robust design, the mixture-of-
information models of Barker (1997) and the models
of Pradel (1996a) involving recruitment. Catchpole
(1995) has also developed a series of MATLAB rou-
tines to fit capture–recapture and band-recovery
data. The program POPAN (Arnason and Schwarz,
1995, 1999) can also be used to fit models in the CJS
framework, but its emphasis is more on abundance
estimation. Skalski, Hoffman and Smith (1993)
developed SURPH for estimating the effect of indi-
vidual animal covariates on parameter estimates.
Lebreton, Reboulet and Banco (1993) presented a
comparative review of software but, given the speed
at which software changes, the review is now dated.

The general framework for CJS models can lead
to models with well over 1,000 parameters. The first
problem with such large complex models is that of
finding out how many parameters are identifiable,
particularly when there are inherent limitations
of the model or a sparsity of data. Catchpole and
Morgan (1997) and Viallefont, Lebreton, Reboulet
and Gory (1998) develop necessary and sufficient
conditions to identify parameter redundancy in re-
capture and recovery data and Catchpole, Morgan
and Freeman (1998) demonstrate how to estimate
the identifiable parameters. Morgan, Freeman and
Catchpole (1995) list several common models, to-
gether with a statement of whether or not they
are parameter-redundant and, if so, their rank
deficiency. This latter quantity tells us how many
constraints are needed to get unique maximum like-
lihood estimates. The second problem with complex
models is that of selecting a suitable model. Le-
breton et al. (1992) recommend the use of Akaike’s
information criterion. The use of AIC has been in-
vestigated in more detail by Anderson, Burnham
and White (1994), Burnham, White and Anderson
(1995) and Burnham, Anderson and White (1994,
1995), who recommend a quasilikelihood adjusted
AIC statistic and overdispersion estimator. In most
cases, researchers report parameter estimates and
precisions based upon the final selected model; this
fails to account for uncertainty in the model selec-
tion procedure. Buckland, Burnham and Augustin
(1997) recommend a weighted estimator based upon
estimates from various models and using AIC to
determine the weights. Brooks, Catchpole and Mor-
gan (1999) recommend a Bayesian model-averaging
approach. Norris and Pollock (1996b) discuss a
bootstrap approach in closed populations but also
include some recommendations for use with open
populations. For some related developments in
model selection the reader is referred to Raftery,
Madigan and Hoeting (1997) and Hoeting, Madigan,
Raftery and Volinsky (1999).

4.2.1 Violations of assumptions. The widespread
availability of the programs JOLLY and RELEASE
through Web sites has enabled researchers to test
the adequacy of the assumptions underlying their
CJS model using appropriate goodness-of-fit pro-
cedures, as well as to obtain parameter estimates.
One of the assumptions usually made in capture–
recapture studies is that if animals leave a study
area, they do so permanently. However, Burnham
(1993) has shown how to redefine the parame-
ters of the CJS model so that random emigration
can be incorporated into the model. When emigra-
tion is permanent, mortality is not distinguishable
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from permanent emigration. However, there may be
sub-populations with different emigration behavior
which leads to heterogeneity in the apparent sur-
vival rates. For example, there may be transients
which enter and leave the study population while
a resident population remains in the area. Pradel,
Hines, Lebreton and Nichols (1997a) show how to
modify the CJS models to account for transient
animals by removing animals with only a single
capture occasion. In Pradel, Rioux, Tamisier and
Lebreton (1997c), the joint effects of both transients
and trap-dependence (see below) are modeled. In
some species, tagging is done on young animals but
these then leave the colony for several years before
returning to breed on a regular basis. This form of
predictable temporary emigration was modeled by
Nichols, Spendelow and Hines (1990) for a colony of
terns. Conroy, Senar, Hines and Domenach (1999)
develop a model that includes both transient ef-
fects and an uncertain gender classification of a
bird at the time of banding. Initial classification
was done by wing length (based upon the results
from a discriminant analysis). Some birds were re-
captured later and could be sexed (and the gender
“corrected”; other birds were never recaptured and
the proper gender could not be determined). They
used a multistate approach (see later) that allowed
for the transitions from predicted gender to actual
gender (with possible errors).
A crucial assumption of the CJS model is that

all animals in a cohort have the same probability
of capture and of survival. Heterogeneity can be
caused, for example, by trap-dependence. Pradel
(1993) showed how to modify the CJS model to
account for trap-dependence by splitting the com-
plete capture history into a series of subhistories
and modeling the first occasion after release differ-
ently than subsequent survival periods. This was
extended in Pugesek, Nations, Diem and Pradel
(1995) to account for both age and trap-dependence
effects. Heterogeneity may also be caused by tran-
sient animals, local emigration to other sites,
handling effects or permanent emigration of sub-
populations (which is confounded with survival).
In some cases these can be disentangled (see also
Section 4.2.4 on combining sources of information).
Pradel, Cooch and Cooke (1995) stratified a pop-
ulation of snow geese into birds first banded as
goslings, birds banded as adults but previously
webtagged as goslings, and birds first banded as
adults and not previously marked. By comparing
the estimated parameters among these groups, they
were able to conclude that the latter group of ani-
mals had a higher permanent emigration rate and
lower apparent survival rates. The effect of hetero-

geneity in capture probabilities on the estimates of
survival is well known (cf. Seber, 1986, page 277),
and this information can be used to investigate if
apparent differences in survival among groups may
be related to heterogeneity in capture probabilities
(cf. Prévot-Julliard, Lebreton and Pradel, 1998).
Another key assumption that is sometimes vi-

olated is that all tags are reported and reported
correctly. Nichols and Hines (1993) and Nichols et
al. (1992b) considered the problem of tag loss and
showed how to account for it in estimating sur-
vival rates when both recaptures and resighting
data are available. An example of investigating the
influences of color, type of application, colony site,
cohort, calendar year and so forth. on the neck-band
loss rate using the above methodologies is given by
Spendelow et al. (1994).

4.2.2 Breeding proportions and senescence. Not
only is population size an important parameter to
estimate in the study of a population, but we may
also wish to estimate the proportion of the popula-
tion that breeds. Another aspect of a population’s
dynamics is the decline of survival with age, or
senescence. We put these two somewhat unrelated
topics together here as they are short and can be
studied using capture–recapture.
Lebreton, Hemery, Globert and Coquillart (1990)

proposed models for estimating breeding propor-
tions from data collected at several points in
time, but without information on individual fates.
Clobert, Lebreton, Allaine and Gaillard (1994) es-
timated age-specific breeding probabilities from
recaptures or resightings of individual animals
marked as young and using multiple cohort mod-
els. Both approaches assumed that survival rates
were identical for breeders and nonbreeders. In
contrast, Pradel (1996a) developed a more general
procedure based on analyzing the capture histories
by reading them backward through time. Exam-
ples of this approach are presented in Pradel et
al. (1997b) and in Viallefont, Cooke and Lebreton
(1995). Pradel and Lebreton (1999) contrast these
two approaches and also consider a third approach
based on a two-state model (with one of the states
unobservable) developed by Nichols et al. (1994).
They compare the interpretations of the estimates
from the three approaches (see also the following
section). If the breeding status and number of sur-
viving offspring of each animal can also be recorded
when the animal is resighted (e.g., a whale calf is
seen along with its mother), then both the survival
rates and age-specific fecundities can also be esti-
mated (Barlow and Clapham, 1997), which allows a
Leslie matrix (cf. Seber, 1982, page 550) to be con-
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structed directly and the population growth rate
to be estimated. Trade-offs between breeding and
survival on snow geese were investigated by Vialle-
font, Cooch and Cooke (1995), and between clutch
size and survival by Blondel, Pradel and Lebreton
(1992). The multistrata approach, discussed later,
can also be used for parameter estimation. The
proportion of animals returning to breed can also
be estimated using the robust design as discussed
later in Section 4.4.
Senescence has been theorized to occur for many

species, but previous investigations have used life-
table methods requiring very restrictive assump-
tions or have used other methods requiring capture
probabilities equal to 1. The CJS modeling frame-
work can be used to investigate this question, as was
done indirectly by Pugesek et al. (1995) and directly
by Nichols, Hines and Blums (1997), who modeled
a linear-logistic decline in survival as a function of
age.

4.2.3 Movement and multistrata models. Models
for movement among distinct geographic areas mea-
sured using multiple recapture experiments were
developed by Arnason (1972, 1973) and were sum-
marized and extended in Seber (1982). A review of
the history of movement modeling is presented by
Nichols et al. (1993) and Nichols (1996), who also
indicate a number of biological research problems
that could be investigated using the recently devel-
oped methodology.
Schwarz, Schweigert and Arnason (1993, Ap-

pendix B) provided the likelihood for the Arnason–
Schwarz model, but concentrated in a band-recovery
context (see previous sections). Hestbeck, Nichols
and Malecki (1991) used the multistrata models to
estimate movement and site-fidelity using mark–
resight data of wintering Canada geese and allowed
the probability of movement to depend on the loca-
tion of the animal in the previous period. Brownie
et al. (1993) extended these models to include cases
when movements are non-Markovian. Spendelow
et al. (1995) used covariates to further model the
movement probabilities in a tern colony as func-
tions of intercolony distance and size of breeding
colony. Lindberg, Sedinger and Rexstad (1995) used
these models to investigate fidelity of black brant
to nesting sites, and Hestbeck (1995b) used move-
ment models to investigate changes in survival of
Canada geese in North America. The effects of vio-
lations of the assumptions and of heterogeneity in
movement probabilities among individuals were in-
vestigated by Hestbeck (1995a), who found that the
bias in survival and movement rates is likely to be
small. Schwarz and Ganter (1995) used movement

models to investigate interchange among staging
areas of geese when there are problems of missing
data (e.g., not all areas have effort at all times). It
is necessary to make strong assumptions about clo-
sure and the equality of movements over time to
have much success in fitting any movement model.
All of the above studies model movement among

discrete strata. Mason, Nichols and Hewitt (1995)
used an approach similar to that of Manly and
Chatterjee (1993) by considering a random walk
approach to investigate dispersal of grasshoppers
using multiple resightings.
It should be stressed that movement models

also include general multi-strata models where
“movements” correspond to changes in strata mem-
bership; for example, strata are age classes and
“movement” represents the survival and aging pro-
cess. For example, Nichols et al. (1992a) showed
how to use this method to estimate transitions
among weight or length strata and also developed
methods using the Pollock robust design (Sec-
tion 4.4). Furthermore, Nichols et al. (1994) used
a multistate model to estimate breeding propor-
tions and showed how to investigate the costs of
reproduction on subsequent survival or breeding.
Nichols and Kendall (1995) and Lebreton, Almeras
and Pradel (1999) showed how the multistrata ap-
proach can also be used to investigate more general
questions in ecology about, for example, population
genetics and evolutionary ecology. The probabilities
of transitions between individual states, such as re-
productive status, weight classes and so on, can be
estimated and compared. Recapture and recovery
data can also be incorporated into the multistrata
model as well. In some cases, data may be too
sparse or may require models too complex to be
fitted using multi-strata models. Viallefont, Cooch
and Cooke (1995) demonstrated how some of the
same questions about the effects of reproduction on
survival and future reproduction can be answered
using ordinary CJS models. Rather than classifying
animals into coarse strata, other selection coeffi-
cients for continuous variables such as weight can
be examined by using the CJS models with individ-
ual covariates (Skalski, Hoffman and Smith; 1993;
Kingsolver and Smith, 1995). A special version of
SURVIV, MSSURVIV (Hines, 1994), is commonly
used to analyze data collected in movement studies
such as those described thus far.
Dupuis (1995) developed a Bayesian approach to

estimate the population parameters in these move-
ment models and showed that if the problem is
cast into a “missing data” formulation—the missing
data being the unknown locations of the animals
between observations—Gibbs sampling can be used
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to obtain posterior distributions of the parameters.
General nonspecific movement (e.g., dispersal) could
also be investigated using capture–recapture meth-
ods as outlined by Pradel (1996b), who detailed the
data requirements and outlined how to analyze such
experiments. Van Noordwijk (1995) shows that, un-
less the distribution of recovery effort is taken into
account, simple estimates of dispersal based upon
subsequent sightings or recoveries can be mislead-
ing.

4.2.4 Combining sources of information. As
noted by Seber (1992), multiple recapture and
resighting models, and models based upon re-
coveries from dead animals are all part of the
same basic model. Peach (1993) demonstrated
how to combine several recapture data sets sub-
ject to a common effort of capture, while Catch-
pole, Freeman and Morgan (1993) showed how
to supplement recovery data from birds marked
while young and recovery data from birds marked
as adults. Radio-tagging data can be used in
conjunction with tag-recovery studies and the
consequences were studied by Catchpole and
Morgan (1994) and Freeman, Morgan and Catch-
pole (1992). Burnham (1993) developed a complete
theory for the joint analysis of live recapture and
dead recovery data for the time dependent case and
showed that it enabled the researcher to separate
the effects of mortality from those of emigration.
Lebreton, Morgan, Pradel and Freeman (1995) con-
sidered the problem of combining information from
two related but independent sets of recovery and
recapture data for birds marked as young. The com-
bined analysis of live-recaptures, resightings and
dead-recoveries was developed by Barker (1997).
More general results including age effects and
short term handling effects are given by Barker
(1995) and Catchpole, Freeman, Morgan and Har-
ris (1998), who extended the work by Catchpole,
Freeman, and Morgan (1993) on animals tagged
as young. Blums et al. (1996) used separate band-
recovery (based on large geographic areas) and
capture–recapture analyses (based on site of band-
ing) of the same data set to estimate philopatry in
ducks based on the different interpretation of “sur-
vival” from the two studies. These data can now be
analyzed using the single model of Barker (1997).
Nichols et al. (1992b) and Nichols and Hines

(1993) considered the problem of tag loss and
showed how to account for it in estimating survival
rates when both recapture and resighting data are
available. The latter paper also has a nice review
of the effects of tag loss; the authors note that re-
capture data are the most appropriate source of

information from double-tagging experiments to
estimate tag retention.

4.3 Jolly–Seber Models—Estimating Survival
and Abundance

The Jolly–Seber (JS) model is a more general case
of the Cormack–Jolly–Seber (CJS) model considered
above in that, in addition to survival, abundance is
also of interest. This often requires that the number
of unmarked animals be recorded at each sampling
occasion and that unmarked animals be marked and
returned to the population. Because estimation of
survival relies mainly upon the capture histories of
marked animals, many of the results from the CJS
model are also applicable here.
The current standard reference for the analy-

sis of JS experiments is Pollock, Nichols, Brownie
and Hines (1990). An outstanding problem with the
Jolly–Seber model is related to the way in which
the contribution from unmarked animals is inte-
grated into the likelihood. Schwarz and Arnason
(1996) used the methodology of Crosbie and Manly
(1985) to develop a fully multinomial likelihood that
keeps all parameter estimates within the parame-
ter space and allows simple testing and modeling
of the recruitment parameters. Burnham (1997) ex-
tended Burnham (1991) to derive another version of
a likelihood associated with the JS model and also
derived distributions of the sufficient statistics in
the special cases of no death and of no recruitment.
Pradel (1996a) developed methodology to estimate
the recruitment and population growth rate by
reading capture histories “backwards” (cf. Nichols,
Morris, Brownie and Pollock 1986) which treats
“survival” (including emigration) and “recruitment”
(including birth and immigration) in a symmet-
ric fashion. Pradel (1999) has developed a general
likelihood function for the parameters in his model
which combines his previous approach to recruit-
ment with the usual JS approach. Schwarz and
Arnason (1996) extended the methodology given
in Lebreton et al. (1992) to apply also to the esti-
mation of the abundance and “birth” parameters
in a JS model. Derocher and Stirling (1995) de-
scribe a careful study to estimate and compare the
polar bear population size, survival and other pa-
rameters in western Hudson Bay for both males
and females. Software available for the JS model
includes the JOLLY suite of programs described
by Pollock et al. (1990) and a software package
called POPAN (Arnason and Schwarz, 1995, 1999).
The POPAN programs implement the models de-
scribed by Schwarz and Arnason (1996) and is
a comprehensive, integrated program to analyze
mark–recapture data.
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The JS estimator provides estimates of abun-
dance but not of density as it is difficult to de-
termine the appropriate population area for an
open population. Matlock, Welch and Parker (1996)
converted the estimates of abundance of screw-
worms into density estimates by also estimating
the area of dispersal based on the observed dis-
tances of movements of marked animals. In some
cases interest lies in the total number of entries
into a population, including those animals that
enter but die before having a chance of being sam-
pled (which are ignored by the regular Jolly–Seber
model). Schwarz, Bailey, Irvine and Dalziel (1993)
developed the methodology for this situation in
the context of estimating the number of salmon
returning to spawn.
The crucial assumption for estimating abundance

under simpler models is that all animals are equally
catchable at each sample occasion. Using the cover-
age methods that have worked so well with closed
populations (see Section 3.2), Hwang and Chao
(1995) examined the effects of unequal catchability
on the estimates of abundance and proposed new
estimators that are less biased if the coefficient of
variation in the catchabilities is greater than 0.4.
In some cases, capture histories are pooled (e.g., in-
dividual daily capture histories are pooled into a
single weekly capture occasion) to reduce the effects
of heterogeneity. An alternative approach, based on
a simulation method of Carothers (1979), is given
by Pledger and Efford (1998), who show how to es-
timate the biases caused by heterogeneity in the
capture probabilities.
A variety of hypotheses can be tested for the JS

model and these are documented in Seber (1986,
1992). Brawn, Karr and Nichols (1995) examined a
nine year record of 25 species of neotropical birds
and investigated the relationship between body
size, phylogenetic affiliation, foraging guild and
social behavior and estimates from a JS model
of survival rate, population size and recruitment
using linearized regressions. With the methods de-
veloped by Schwarz and Arnason (1996) and now
available in POPAN (Arnason and Schwarz, 1999),
it should be possible to model covariate effects di-
rectly for the JS model, as was done by Nichols,
Hines and Blums (1997) for the CJS model when
they modeled the survival parameter using a lo-
gistic model. Covariates have been used routinely
with SURGE for the CJS model (Lebreton, 1999,
personal communication).

4.3.1 Combined methods. The JS estimators of
abundance can also be combined with other estima-
tors. Sheaffer and Jarvis (1995) outline a method

where a JS estimate is used on marked animals
only by treating the first sighting of a marked ani-
mal as if it were unmarked and treating subsequent
resighting as “recaptures.” This gives an estimate
of the number of marked animals alive at each
time point. Simple surveys are used to estimate
the marked-to-unmarked ratio at each time point.
These can be combined together to get estimates of
abundance at each time point. Sheaffer and Jarvis
(1995) also investigate the size of the bias in the
population estimates that can arise when neck
bands are not “verified” when read. This has the
effect of increasing the estimates of the size of the
marked population and hence the final estimates of
the population size.
In some cases, the overall goodness-of-fit statistic

indicates that the JS model does not fit. However,
estimates of abundance can still be obtained by fit-
ting a complex CJS model to just the resighting or
recapture data, and then using simple moment es-
timators of population size based on the observed
numbers of unmarked animals. For example, Lo-
ery, Nichols and Hines (1997) fitted a CJS model
incorporating transients and then used the result-
ing estimates of capture probabilities to estimate
the population size of chickadees. These were then
regressed on time to look for time trends in the pop-
ulation size.

4.4 Robust Design

The robust design was first proposed by Pollock
(1982) to alleviate bias in estimates of abundance
caused by heterogeneity in the capture probabili-
ties on a particular sampling occasion. This design
consists of a sequence of capture–recapture exper-
iments spaced in time. Each individual capture–
recapture experiment is carried out over a short
enough time span so that closed-population meth-
ods can be used to obtain an estimate of popula-
tion size. We refer to the short time periods between
each sample in an individual capture–recapture ex-
periment as secondary time periods, and the time
periods between experiments as primary periods.
Kendall and Pollock (1992) give a recent review and
evaluation of this design and conclude that the ro-
bust design should be used whenever possible in
place of the usual JS open population model. Until
recently, estimators under the robust design were
ad hoc, but Kendall, Pollock and Brownie (1995) de-
veloped a formal likelihood approach for this design.
Program RDSURVIV is available from the Patux-
ent Wildlife Research Centre Software WWW page
to analyze data from the robust design.
The robust design can also be used to estimate

temporary emigration or breeding proportions.
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Nichols and Pollock (1990) and Pollock, Kendall
and Nichols (1993) used the robust design to sep-
arate recruitment from immigration using ad hoc
estimators. Kendall and Nichols (1995) and Kendall,
Nichols and Hines (1997) developed likelihood the-
ory for the case where the population during the
secondary periods is closed, while Schwarz and
Stobo (1997) extended the likelihood theory to the
case where the population during the secondary pe-
riods is open. In the robust design, primary-period
parameters are usually estimated by collapsing sec-
ondary periods (where the population is closed) to
a single instance of captured or not captured. Har-
grove and Borland (1994) showed that estimates
derived using these reduced capture histories are
relatively unbiased unless the population has a
very high turnover during the secondary sampling
periods. Gould and Pollock (1997a) replaced the
capture–recapture protocol during the secondary
samples with catch-effort protocols. We suspect that
in the near future, more study designs will be devel-
oped using a variety of methods for the secondary
periods.

5. CATCH-EFFORT MODELS

In catch-effort experiments, the decline in the
catch over time when known amounts of catching
effort are applied to catch members of a popula-
tion is used to predict the initial population size.
Such models are most often used in fisheries man-
agement (over 100 citations appeared from 1992
to 1997), but Novak, Scribner, Dupont and Smith
(1991) and Lancia, Bishir, Conner and Rosenberry
(1996) give examples involving large mammals. In
fisheries, effort might be measured, for example,
in terms of time spent fishing and the number of
long lines used, or in terms of the size of the net
and the length of the tow. We note that the empha-
sis is sometimes on estimating “sustainable catch”
rather than on estimating the initial (virgin) pop-
ulation size. In precomputer days, “equilibrium”
catch-effort models were used. These models, which
assume that the population is in equilibrium with
respect to the various processes such as recruit-
ment and removal, still occasionally surface. Rather
than try to survey the fisheries literature, we will
concentrate here on methodological improvements
achieved in the last few years. We note that the re-
moval methods in Section 2.3, where the amount
of effort is kept constant from sample to sample,
are a special case of catch-effort models.
Traditionally, least squares regression methods

have been used with this protocol because of the
difficulties in computing the estimates. These meth-

ods will only work if the population is being reduced
enough to produce a visible decline in the catch per
unit effort (CPUE) over time. However, Bishir and
Lancia (1996) show how catch-effort models can be
used in more general situations where animals are
added, sightings are treated as “catches” and both
removals and sightings may be present. They fur-
ther showed that nonlinear least squares could be
used to estimate the parameters of the model. Gould
and Pollock (1997b) show that maximum likelihood
estimates from the underlying multinomial model
could be easily computed with modern software and
were consistently less biased and more precise than
least squares estimates from the linear regression
model. Reed and Simons (1996b) used the Kalman
filter to estimate the parameters of the catch-effort
model but recommended that their methodology be
primarily used to estimate the CPUE.
Various assumptions underlying catch-effort mod-

els can be violated. For example, catchability can
vary in many ways (cf. Seber, 1982, page 81). Ya-
makawa, Matsumiya and Kitada (1994) used covari-
ates to “explain” some of the variability in catchabil-
ity, while Reed and Simons (1996a) investigated the
effect of contagion in the catch on the estimates. A
simulation study to investigate the effects of other
violations of assumptions on the estimators of pop-
ulation size in crab and lobster fisheries was con-
ducted by Miller and Mohn (1993). They showed
that some of the biases in these estimates could be
corrected if certain supplemental information was
also collected. Gear saturation can also occur, in
which the gear (e.g., nets or pots) used to catch
the fish becomes completely full of fish so that no
more can be caught regardless of the size of the
population. Somerton and Kikkawa (1995) exam-
ined this problem and proposed a method where
the time between individual catches could be used
to determine a population index of relative abun-
dance. Another major problem in using catch-effort
data in fisheries management is that measurement
errors are present in both the catch and effort vari-
ables. Gould, Stefanski and Pollock (1997) showed
that this could introduce considerable bias into the
estimates of abundance and catchability, but that
the maximum likelihood estimates were the most
robust to measurement error.
Several other approaches to studying population

changes are possible. Rather than estimating abun-
dance directly, Richards and Schnute (1992) showed
how to estimate the CPUE under various models
that incorporate management effects on the effort
variable. Gould and Pollock (1997b) combined catch-
effort protocols into a robust design and showed by
simulations that the maximum likelihood estima-
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tors of abundance and catchability were superior
and more flexible than the ordinary least squares
estimators.
There is no specialized general-purpose software

available for catch-effort models, but standard lin-
ear and nonlinear regression routines can be used to
analyze data from catch-effort experiments. Gould
and Pollock (1997b) showed that SURVIV could be
used to estimate model parameters.

6. SUMMARY

The explosion of papers on estimating animal
population parameters that have appeared in the
last 20 years reflects the importance of the subject,
the increased computing power available and the
increased statistical sophistication of practitioners.
As already noted, the concepts of overdispersion,
covariates, quasilikelihood, profile likelihood inter-
vals, random effects models, estimating equations,
Horvitz–Thompson estimators, state-space models,
generalized linear models, model selection crite-
ria, Bayesian methods, EM algorithm, Monte Carlo
Markov chain methods and so on were all bound
to invade the subject eventually, though some in-
vasions were unexpected. For example, who would
have foreseen the application of martingale and
coverage methods to capture–recapture models?
One lesson from this is that the training of future
scientists in the subject area should not concentrate
only on population methodology, but rather needs
to be broadly based regarding statistics and com-
puting. Bootstrapping and Monte Carlo methods
are now essential tools for practitioners in animal
ecology.
One area that has developed substantially is

the estimation of survival and related parameters
for open populations using capture–recapture ap-
proaches. In the past, different models were used
for different types of data depending on whether
there were live recaptures, live resightings or dead
recoveries. However, the distinctions between the
models are no longer important. We now have more
general models which can be fitted to a combined
set of all types of data thus leading to greater
flexibility of research programs and an increased
efficiency of estimation. Such complex models usu-
ally have a large number of parameters, so that
one is faced with the twin problems of parameter
identifiability and model selection, both of which
are receiving considerable attention in the litera-
ture. There also has been substantial progress in
the development of goodness-of-fit tests for the var-
ious models used. As models become more complex,
there is a greater need for good model diagnostics

combined with good model selection techniques.
Residual analyses, for example, have received lit-
tle attention in the literature. Instead of using
a single “best” model, an appropriate alternative
method for getting a final estimate is to combine
estimates from several “good” models, known as
model averaging. However, how to combine models
still needs further investigation. The availability
of Web sites with access to software has been an
important development. However, for some applica-
tions mentioned in this review, there is still a need
for user-friendly software.
In an editorial, North and Nichols (1995,

page 553) note that bird bands (rings) were orig-
inally introduced to provide information about
birds’s movements. However, having swung away
from this idea to that of estimating survival pa-
rameters, there needs to be a swing back again
to methods of spatial analysis. As seen from this
review, there has been an upsurge of interest
in stratified capture–recapture models. First, the
stratified-Petersen method with a single release
time and a single recovery time for closed popula-
tions was mainly presented in a fisheries context.
Second, multiple recaptures with multiple recov-
ery times have been used for studying movement
patterns in open populations, particularly with
birds. This work needs to be extended using var-
ious movement models and different strata based
on variables such as age or length rather than just
place (Nichols and Kendall, 1995).
An ongoing area of research activity is the inves-

tigation of model robustness for each new model de-
veloped. Heterogeneity in the model parameters al-
ways seems to be present. Other types of model such
as random effects models are now being used in eco-
logical studies and need to be expanded and adopted
to better suit the problems that practitioners en-
counter. In addition, there is the need for guide-
lines with respect to experimental design. For exam-
ple, adaptive sampling will eventually be used more
widely given that information from a pilot study
using two-stage sampling can now be used. Such
guidelines need to be readily available for capture–
recapture studies.
The whole subject area is now becoming too big

for one person to keep up with. We recommend that
more reviews and expositional articles be written.
Perhaps someone might start a journal on the sub-
ject!

APPENDIX

The following is a list of World Wide Web (WWW)
sites where software may be downloaded:
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• http: // www.biol.sfu.ca / cmr / index.html–Main-
tained by E. G. Cooch; has links to many of the
software packages to analyze capture–recapture
data;

• http: // www.mbr.nbs.gov / software.html–Main-
tained by the Patuxent Wildlife Research Cen-
tre and has packages for the analysis of transect
data, capture–recapture data and band-recovery
data;

• http: //www.cs.umanitoba.ca/~popan/–Maintained
by the Population Analysis Research Group
and has packages for the analysis of capture–
recapture data and stratified-Petersen experi-
ment;

• http: //www.im.nbs.gov/tws/cse.html–Maintained
by the Wildlife Society and has links to software
presented in the Wildlife Bulletin;

• http: //nhsbig.inhs.uiuc.edu/–Maintained by the
Illinois Natural History Survey and has links to
software for a wide range of ecological applica-
tions;

• http: // www.cnr.colostate.edu / ~gwhite / software.
html–Maintained by the Department of Fishery
and Wildlife Biology and the Colorado Cooper-
ative Fish and Wildlife Unit at Colorado State
University; has links to programs for the analy-
sis of capture–recapture data, transect data and
radiotelemetry data;

• http: //www.ruwpa.st.-and.ac.uk / distance–Main-
tained by the Research Unit for Wildlife Popu-
lation Assessment, University of St. Andrews;
the distance sampling software package Dis-
tance (for line and point transect surveys) may
be downloaded from here;

• http: //www.cnr.colostate.edu/gwhite/mark/mark.
htm–Maintained by Gary White; the package
MARK has the capabilities of SURGE but also
includes band-recovery, the robust design, the
mixture of information models of Barker (1997)
and the models of Pradel (1996a) involving re-
cruitment.
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Pradel, R. (1996a). Utilization of capture–mark–recapture for the study of recruit-
ment and population growth rates. Biometrics 52 703–709.

Pradel, R. (1996b). Animal dispersal within subdivided populations: an approach
based on monitoring individuals. Acta Oecologica 17 475–483.

Pradel, R. (1999). Capture–mark–recapture population dynamics analysis Bird
Study. To appear.

Pradel, R., Cooch, E. G. and Cooke, F. (1995). Transient animals in a resident
population of snow geese: local emigration or heterogeneity. J. Appl. Statist. 22
695–710.

Pradel, R., Hines, J. E., Lebreton, J.-D. and Nichols, J. D. (1997a). Capture–
recapture survival models taking account of transients. Biometrics 53 60–72.

Pradel, R. and Lebreton, J.-D. (1991). User’s Manual for Program SURGE, Version
4.2. Centre d’Ecologie Fonctionelle et Evolutive—CNRS, Montpellier, France.

Pradel, R. and Lebreton, J.-D. (1999). Comparison of different approaches to study
the local recruitment of breeders. Bird Study. To appear.

Pradel, R., Reboulet, A.-M. and Viallefont, A. (1995). Testing hypotheses and es-
timating survival from capture histories with CR. J. Appl. Statist. 22 775–784.

Pradel, R., Rioux, N., Tamisier, A. and Lebreton, J.-D. (1997c). Individual turnover
among wintering teal in Camargue: a mark–recapture study. Journal of Wildlife
Management 61 816–821.

Pradel, R., Johnson, A. R., Viallefont, A., Nager, R. G. and Cezilly, F.
(1997b). Local recruitment in the greater flamingo: a new approach using
capture–mark–recapture data. Ecology 78 1431–1445.

Prévot-julliard, A.-C., Lebreton, J.-D. and Pradel, R. (1998). Re-evaluation of the
adult survival of black-headed gull (Larus ridibundus) in the presence of recap-
ture heterogeneity. Auk 115 85–95.

Pugesek, B. H., Nations, C., Diem, K. L. and Pradel, R. (1995). Mark–resighting
analysis of a California gull population. J. Appl. Statist. 22 625–639.

Punt, A. E. and Hilborn, R. (1997). Fisheries stock assessment and decision analysis:
the Bayesian approach. Reviews of Fisheries Biology and Fisheries 7 35–63.

Quang, P. X. (1993). Non-parametric estimators for variable circular plot surveys.
Biometrics 49 837–852.

Quang, P. X. and Becker, E. F. (1996). Line transect sampling under varying condi-
tions with applications to aerial surveys. Ecology 77 1297–1302.

Quang, P. X. and Becker, E. R. (1997). Combining line transect and double count
sampling techniques for aerial surveys. Journal of Agricultural, Biological, and
Environmental Statistics 2 230–242.

Quinn, T. J., II and Deriso, R. B. (1999). Quantitative Fish Dynamics. Oxford Univ.
Press.

Raftery, A. E., Givens, G. H. and Zeh, J. E. (1995). Inference from a deterministic
population dynamics model for bowhead whales. J. Amer. Statist. Assoc. 90 402–
416.

Raftery, A. E., Madigan, D. and Hoeting, J. A. (1997). Bayesian model averaging for
linear regression models. J. Amer. Statist. Assoc. 92 179–191.

Raftery, A. E. and Schweder, T. (1993). Inference about the ratio of two parameters,
with applications to whale censusing. Amer. Statist. 47 259–264.

Rajwani, K. and Schwarz, C. J. (1997). Adjusting for missing tags in salmon escape-
ment surveys. Canadian Journal of Fisheries and Aquatic Sciences 54 800–808.

Ralph, C. J., Sauer, J. R. and Droege, S., eds. (1995). Monitoring bird populations
by point counts. General Technical Report PWS-GTR-149. Pacific Southwest Re-
search Station, Albany, CA, U.S. Forest Service, U.S. Dept. Agriculture.

Ramakrishnan, V. and Meeter, D. (1993). Negative binomial cross-tabulations, with
applications to abundance data. Biometrics 49 195–207

Reboulet, A.-M., Viallefont, A., Pradel, R. and Lebreton, J.-D. (1999). Selection
of survival and recruitment models with SURGE 5.0. Bird Study. To appear.

Reed, W. J. and Simons, C. M. (1996a). A contagion model of a fishery and its use in
analyzing catch-effort data. Ecological Modeling 92 179–191.

Reed, W. J. and Simons, C. M. (1996b). Analyzing catch-effort data by means of the
Kalman filter. Canadian Journal of Fisheries and Aquatic Sciences 53 2157–2166.

Rexstad, E. A. (1992). Effect of hunting on annual survival of Canada geese in Utah.
Journal of Wildlife Management 56 297–305.

Rexstad, E. A. and Anderson, D. R. (1992). Heterogeneous survival rates of mallards
(Anas platyrhynchos). Canadian Journal of Zoology 70 1878–1885.

Rexstad, E. and Burnham, K. (1992). User’s guide for interactive program CAPTURE.
Colorado Cooperative Fish and Wildlife Research Unit, Colorado State Univ., Fort
Collins.

Reynolds, R. E., Blohm, R. J., Nichols, J. D. andHines, J. E. (1995). Spring–summer
survival rates of yearling versus adult mallard females. Journal of Wildlife Man-
agement 59 691–696.

Richards, L. J. and Schnute, J. T. (1992). Statistical models for estimating CPUE
from catch and effort data. Canadian Journal of Fisheries and Aquatic Sciences
49 1315–1327.
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