Capture-Recapture Models

Using marked animals to study population dynamics

nimal ecologists sample the

populations they study in a

variety of ways. Those who
study bird populations in Hawaiian
forests may count the number of birds
seen and/or heard while walking a
transect line or standing at a fixed
point in the forest. Those who study
red and grey kangaroos in the arid
rangelands of central Australia may
count animals from a fixed-wing air-
plane flying along transect lines. The
fisheries biologist in the northern Pa-
cific may count the number of halibut
caught in a commercial fisheries op-
eration, and the mammalogist in old-
field habitat in eastern North America
may count the number of meadow
voles caught overnight in a grid of
small mammal traps.

All these ecologists share a com-
mon problem. They have obtained a
count statistic (animals seen, heard,
or caught), but in most cases it is
likely that this statistic is smaller than
the actual number of animals present
in the sampled area. That is, they
have sampled some unknown fraction
of the population of interest.

The count statistic by itself is thus
of little use to the ecologist, except to
provide a minimum bound on popu-
lation size. We need to know some-
thing about the sampling fraction for
the count statistic to be useful. If the
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Recent flexible
software should help
new capture-recapture
models be rapidly
assimilated into
ecology

sampling fraction can be estimated,
then this estimate can be used in
conjunction with the count statistic to
estimate population size.

If C; denotes our count statistic, p;
our sampling fraction, and N, the true
number of animals, and where i spec-
ifies a point in space and/or time, then
we can write the following simple
relationship:

C; = N; p; (equation 1).

If we can figure out some way to
estimate the sampling fraction, then
we can estimate population size as:

N; = C/p; (equation 2),

where hats denote estimators (statis-
tics that are thought to represent or
estimate unknown quantities of inter-
est).

Animal ecologists sometimes refer
to count statistics obtained under
standardized conditions as “indices”
of population size. The indices (C))
are used to compare population size
at different points in space and/or
time ({). When count statistics are
used in this way, there is typically no
attempt made to estimate p;. Instead,

the standardization of counting con-
ditions is assumed to produce sam-
pling factions that are equal, on aver-
age, for the populations being
compared.

This assumption, when true, per-
mits reasonable testing and estima-
tion of differences. For example, as-
sume that standardized counts are
made of a particular bird population
at times ¢ and ¢ + A. The rate of
population change, defined here as
N, a/N,, can be estimated using
C,+4/C,, if p, = p,, 2. However, even
in this favorable situation of equal
sampling fractions, the variation as-
sociated with the sampling process
causes C,, o/C, to yield an estimate of
population change that exhibits
some bias (Barker and Sauer in
press).

The success of this kind of stan-
dardization depends on our ability to
identify all the factors that influence
the sampling fraction and to exert
some control over these factors. Un-
fortunately, sampling fractions fre-
quently vary over time and space in
response to factors over which we
have no control. For example, when
we sample more frequently than once
per year, we cannot standardize such
factors as weather conditions and be-
havior of individuals relative to the
annual reproductive cycle. The
sources of variation in p that we
cannot identify are probably more
important than those that we recog-
nize but cannot control. Thus, the
reasonable use of count statistics as
population indices requires an as-
sumption that should be tested and
that is frequently false.
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Knowledge of p is also important
if we are interested in quantities
other than population size. For ex-
ample, assume that we are interested
in survival rate. We might study this
rate by releasing a number of marked
animals at the beginning of some
interval of interest. We could then
sample the population at the end of
the interval and obtain a count sta-
tistic for the number of marked ani-
mals still in the population. Once
again, however, we would need to
estimate the sampling fraction to
translate this count into an estimate
of the true number of marked survi-
vors. The estimation of p thus be-
comes the central methodological
problem associated with the study of
natural animal populations.

Capture-recapture models were de-
veloped for field studies in which the
count statistics are numbers of marked
and unmarked animals caught or, in
some circumstances, sighted. These
models provide reasonable ways of
estimating p (capture or sighting prob-
ability in this case) and quantities of
biological interest such as population
size and survival rate. In this article, I
briefly review capture-recapture mod-
els, emphasizing important recent ad-
vances. These advances permit rigor-
ous tests of a variety of interesting
hypotheses about how animal popula-
tions work.

The Lincoln-Petersen
estimator

The earliest method of estimating
population size from marked animals
is the Lincoln-Petersen method. The
method appears to have been inde-
pendently discovered a number of
times, for example by C. G. J. Peter-
sen in 1889 working in Denmark on
the fish called plaice, by F. C. Lincoln
in 1930 working on North American
waterfowl, by C. H. N. Jackson in
1933 working on tsetse flies in Tang-
anyika Territory, and even by P. S.
Laplace in 1783, who used the basic
method with a French birth register
and census data from several parishes
to estimate the size of the human
population of France (see reviews in
Pollock 1991, Seber 1982).

The method involves catching an
initial sample of 7, animals, applying
marks to each animal, and then re-
leasing the animals back into the pop-
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This adult male canvas back, Aythya valisineria, was tagged with a nasal saddle in a
field study. Photo: G. M. Haramis.

ulation. We then catch another sam-
ple of #, animals from the population
(e.g., we might take this sample the
day after the initial sample), and we
record the number of animals in this
second sample that are marked, de-
noted m,. If N denotes the actual
number of animals in the sampled
area, then we can write the sampling
fraction for the initial sample as 7,/N.
If certain assumptions hold true, then
the proportion of marked animals in
the second sample should estimate the
proportion of marked animals in the
population, that is,

m,/n, = ny/N (equation 3).

We can then rearrange equation 3
to obtain the Lincoln-Petersen estima-
tor for population size,

N = n;n, /m, (equation 4).

Notice that this estimator (N) is of the
same form as our general expression
(equation 2). We are simply estimat-
ing population size by taking a count
statistic, 7, in this case, and dividing
it by an estimate of the associated
sampling fraction, m,/n,.

The early animal ecologists Peter-
sen, Lincoln, and Jackson appear to
have derived the estimator in equa-
tion 4 intuitively. Subsequently, bio-
statisticians derived the estimator us-
ing hypergeometric and binomial
models. These derivations have led to
the development of variance estima-
tors and to slightly modified versions
of equation 4 that show reduced bias,

especially when sample sizes are small
(see Seber 1982).

Beyond Lincoln-Petersen

The Lincoln-Petersen estimator be-
came an important component of the
animal ecologist’s methodological
repertoire and has seen much use over
the years. However, ecologists recog-
nized the need for estimators to han-
dle different sampling situations, and
this recognition led to the develop-
ment of different classes of capture-
recapture models. Most of these sub-
sequent capture-recapture models
were developed to handle more than
two sampling occasions. In these mul-
tiperiod studies, animals caught in the
initial sampling period are marked
individually and then released. In sub-
sequent samples, marked animals that
are recaptured are recorded and then
released, and unmarked animals are
marked and released.

The data resulting from such stud-
ies are generally summarized in the
form of capture histories. A capture
history is simply a row of 1s and Os,
where 1 denotes capture and 0 de-
notes no capture. The first number in
the row corresponds to the first sam-
pling period, the second number to
the second sampling period, and so
on. For example, consider the capture
history 10110. The animal to which
this history applies was captured in
period one, was not captured in pe-
riod two, and was recaptured in peri-
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