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Improving Size Estimates
of Open Animal Populations
by Incorporating Information

on Age
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Around the world, a great deal of effort is expended each year to estimate the sizes of wild animal populations. Unfortunately, population size
has proven to be one of the most intractable parameters to estimate. The capture—recapture estimation models most commonly used (of the
Jolly—Seber type) are complicated and require numerous, sometimes questionable, assumptions. The derived estimates usually have large
variances and lack consistency over time. In capture—recapture studies of long-lived animals, the ages of captured animals can often be
determined with great accuracy and relative ease. We show how to incorporate age information into size estimates for open populations, where
the size changes through births, deaths, immigration, and emigration. The proposed method allows more precise estimates of population size
than the usual models, and it can provide these estimates from two sample occasions rather than the three usually required. Moreover, this
method does not require specialized programs for capture—recapture data; researchers can derive their estimates using the logistic regression

module in any standard statistical package.
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he ages of many long-lived animals can be deter-

mined with accuracy and relative ease (e.g., see Scheffer
1950, Stoneberg and Jonkel 1966, Turner 1977, Burbidge
1981, Fay 1982, Harrison 1983, Moen et al. 1991, Stewart et
al. 1996, Pyle 1997, Thomas et al. 1997, Calvert and Ramsay
1998, Germano 1998, Sibley 2000). However, this information
is not used directly in the standard Jolly—Seber (Jolly 1965,
Seber 1965) capture-recapture method of estimating popu-
lation size, although it is sometimes used indirectly to allow
estimates of survival rates, for example, to vary with age.
When we investigated whether age information might be
better used in estimating the size of animal populations, we
found that this can be done quite simply. It results in a
method of estimation that (a) provides estimates from just
two sample occasions, rather than the three usually required;
(b) may considerably improve the precision of estimates;
and (c) involves calculations that can be carried out using the
logistic regression option available in many standard statis-
tical packages. This means that specialized computer pro-
grams such as MARK (White and Burnham 1999) are not
required.

In historic terms, our proposed new method is related to
the early death-only model for capture-recapture data
(Darroch 1959, Jolly 1965), reverse-time models (Nichols et
al. 1986, 1998, Pradel 1996, Pradel et al. 1997, Pradel and
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Lebreton 1999), and the original method of Manly and Parr
(1968). Here, we start by comparing it with the Manly and Parr
(M&P) method, because the relationship is straightforward
to explain.

Computation of M&P population size estimates is simple.
Suppose that a group of animals are known to be alive when
arandom sample of the population is taken and that a frac-
tion p of the animals in this group are captured. This fraction
is an estimate of p, the average probability of capture at the
time. Hence the population size (N) at the sample time is
estimated by

(1) N=n/p,

where # is the total number of animals captured in the
sample.

For large samples, the M&P estimator has little bias, and
an estimator of the variance can be calculated with a simple
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equation (Manly 1969). The accurate estimation of N depends
on the accurate estimation of p. This, in turn, depends largely
on the number of animals known to be alive at the sampling
time. In the traditional M&P method, the set of animals
known to be alive when a sample is taken is composed of in-
dividuals that were captured in an earlier sample and seen or
recaptured during a later sampling. Because this determina-
tion is based on observed capture histories, the sets of animals
known to be alive on the sample occasions are usually small
when capture probabilities are low.

The critical point we raise here is that the group of animals
known to be alive on a particular occasion can be expanded
when age information is available and animals are known to
have been in the sampled population since their birth. For
example, Pacific walrus (Odobenus rosmarus divergens) can be
accurately aged on first capture as either 0 (the first year of
life), 1 (the second year of life), 2 (the third year of life), or 3+
(three years old or more) on the basis of the length of the tusks
in relation to the breadth of the snout (Fay 1982). Similarly,
northern spotted owls (Strix occidentalis caurina) can be
placed into four similar age groups on the basis of plumage
(Moen et al. 1991). The age of polar bears (Ursus maritimus)
can be determined accurately, regardless of when they are first
captured, by removing and sectioning a vestigial premolar
tooth (Calvertand Ramsay 1998). If a sample of these animals
is taken in a given year and their age determined, then we know
that the animals aged 1 or more were alive in the previous year,
whether they were captured in that year or not. Likewise, the
animals aged 2 or more were alive two years before, the ani-
mals aged 3+ were alive three years before, and so on.

Thus, in the analysis of capture-recapture data from
animals that can be aged to 3 years, like walrus and spotted
owl, those known to be alive in sample year X will consist of
(a) those sampled both before and after year X, (b) those seen
in year X + 1 that are aged 1 or more, (c) those seen in year
X + 2 that are aged 2 or more, and (d) those first seen in year
X + 3 that are aged 3 or more (counting individual animals
only once). Similarly, when we analyze capture-recapture
data from animals like the polar bear, which can be aged
accurately when they are first captured, the animals known
to be alive in sample year X consist of those sampled both
before and after X, plus any other animals that are known to
have been in the population because of their age in a subse-
quent capture. Burbidge (1981) used age information in this
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way when estimating the size of a population of the
endangered western swamp tortoise (Pseudemydura um-
brina) in Australia, but this innovation has apparently not been
recognized by other biologists.

The use of age information to estimate population size
relies on an implicit assumption that animals enter the pop-
ulation being sampled at age 0. Thus, this method would
not be valid for a population that animals entered through im-
migration at a later age. Applied to such a population, this
method would tend to underestimate probabilities of capture
and overestimate population sizes. One reviewer suggested that
blood parasites, isotopic markers, or something similar also
may be available in some cases to provide “natural marks” that
confirm that an animal was available for sampling at a par-
ticular occasion, though we have not explored those ideas in
this article.

The first consequence of incorporating age data into the
M&P method is that the size of an open population can be
estimated with data from just two years. This is because cap-
tured animals aged 2 or more in the second year are known
to have been in the population in the first sampling year. The
proportion of these animals captured in the first year then pro-
vides the estimate p needed for equation 1. Considering the
needs of most resource managers, being able to derive an
estimate in two years rather than the usual three is in itself a
considerable benefit.

Including age data is also likely to reduce the standard
errors of population size estimates. We have demonstrated this
by programming a computer spreadsheet to simulate six
years of capture-recapture data. In year 1 of this simulation,
there were exactly 1000 animals in the population, all aged 1.
For each of the following five years, 100 additional animals
were added, each aged 1 when it entered. We assumed that the
exact age of each animal could be accurately determined
when first captured. Each animal had a survival probability
of 0.9 per year, and consequently the population size re-
mained at about 1000 animals. After simulated sampling,
we estimated population size with the standard Jolly—Seber
method, the standard M&P method, and the M&P method
incorporating the known ages of animals. Standard errors were
estimated using the usual equations in each case. Table 1
shows that the estimated standard errors were highest for the
standard M&P method and lowest for the M&P method
using age information. Standard errors were 10 to 51 percent

Table 1. Estimates of the population size N by Jolly—Seber and Manly and Parr methods, with estimated standard errors,

for a simulated set of capture—recapture data.

Jolly-Seber estimates

Manly and Parr usual estimates

Manly and Parr, using age

Day True N Estimated N  Standard error Estimated N  Standard error  Estimated N Standard error
1 1000 Not available Not available 999 47

2 1006 802 92 780 100 937 45

3 1014 1023 105 1102 145 1004 59

4 1014 972 95 1040 128 954 63

5 1024 1225 167 1209 195 1275 150

6 1019 Not available Not available Not available
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lower for the M&P method using age information than they
were for the Jolly-Seber method. Not surprisingly, the great-
est improvements in precision afforded by the age-modified
M&P method were realized during the early sample periods,
when the largest number of animals was known to be alive.

For long-lived animals, the greatest reduction in standard
errors can be expected to occur when there are numerous
(e.g., more than six) sampling occasions. The need for large
numbers of animals in the “known to be alive” category also
suggests that reliable estimates from two sample studies
will depend on the samples being large on both sampling
occasions.

Current state-of-the-art analyses of open population
capture-recapture data build on the conditional likelihood
approach formulated by Lebreton and colleagues (1992),
with the estimated probabilities of survival and capture
being those that maximize the likelihood of the observed
data, conditional on the first capture of each animal. Typically,
an attempt is made to define these parameters in terms of
covariates, as described by Lebreton and colleagues. For ex-
ample, a logistic function might be used to relate the capture
probabilities in different years to a measure of the weather con-
ditions and a measure of the capture effort. In this way the
number of parameters to be estimated is reduced, which
should lead to improved estimation of the survival and
capture probabilities.

Although not previously noted, the traditional M&P
method is also a conditional likelihood-based approach, and
covariates can be built into the M&P method in a manner
similar to that proposed by Lebreton and colleagues (1992).
A likelihood function for the traditional M&P method can be
constructed by conditioning on both the first and last capture
times of each animal (i.e., by regarding the first and last cap-
ture times as fixed nonrandom events , which allows us to cal-
culate the probabilities of the captures and noncaptures
between these two times, but not at these two times). If age
information is available, then a likelihood function can be con-
structed conditional on the last capture time of an animal. For
example, consider an experiment with samples taken every

Table 2. A possible capture-recapture
pattern for an animal captured for the
first time at age 3 in year 5.

Year Capture? Age
1 0 —
2 0 —
3 0 1
4 0 2
5 1 3
6 0 4
7 0 5
8 1 6
9 1 7

10 0 —

a. 1, capture; 0, no capture.

668 BioScience * July 2003/ Vol. 53 No. 7

year for 10 years. Suppose that in year 5 an animal is captured
at age 3 and that the animal has the capture pattern shown
in table 2. The table indicates not only the age of the animal
but also the period in which it was known to be alive, assuming
that no capture is possible at age 0. The probability (P) of the
observed capture pattern in this case, conditional on the last
capture, is then

(2) P:(l_P3)(1 _P4)P5(1_P6)(1 _P7)P8)

where p, is the probability of capture in year i. This would
be the contribution to the overall likelihood function.
Incorporating age into M&P analysis and including covari-
ates simplifies modeling because the likelihood function
no longer involves survival parameters. Therefore, the prob-
lem of deciding on a model for these survival parameters
disappears.

Also, incorporating age and conditioning on the last cap-
ture simplifies the mechanics of estimation. Equation 2 shows
that when the probabilities of capture patterns are com-
bined, the likelihood is the same as would be obtained by sim-
ply listing all of the potential captures of each animal when
it was known to be alive (excluding the last capture) and de-
termining whether the animal was captured. This means that
if the probabilities of capture are related to covariates by
means of a logistic function (Pollock et al. 1984, Alho 1990),
then any software that performs logistic regression can be used
for the calculations. Reducing the estimation to a logistic
regression is important, because the interpretation of
regression-type relationships is familiar to most biologists.
It is also important because researchers no longer need
specialized capture-recapture software, such as MARK (White
and Burnham 1999), to carry out the calculations.

Suppose, for example, that a 10-year study is carried out, as
described for equation 2. Suppose also that the probabilities
of capture in year i for animal j are assumed to be given by

exp(B, + B8 X. +8 X..)
(3) _ P 0 17741 2702

p," - t)
7 1+ exp(B)+ (BIXI,],1 + BZXijZ)

where X, is the average temperature in the ith year and X is
the age of the jth animal. This is a logistic function, and the
coefficients B, 8, and B, can be estimated using the logistic
regression option in standard statistical packages. Observa-
tions simply come from a list of the potential captures (excluding
last captures), whether or not these captures occurred, and
from the corresponding values of the two covariates. If neces-
sary, the model can also be extended to allow the probability of
capture to be a function of the age of an animal.

In general, once a logistic function has been fitted, the
probability of capture can be estimated for each of the #,
animals captured on the ith sampling occasion. If these esti-
mated probabilities are denoted by ﬁij forj=1,2,..,n, then
a Horvitz—Thompson estimator of the population size (N) at
the sample time is




A population size estimate is therefore available for all sam-
pling occasions for which capture probabilities can be esti-
mated. Variances for the estimators can be calculated using
the equation of McDonald and Amstrup (2001).

A paper describing the use of the proposed method with
polar bear and other data sets is under preparation. We are
also preparing papers that describe simulations comparing our
proposed method with others currently in use, examine the
effects of errors in aging and other failures of assumptions,
and consider the extension of the method to multistage mod-
els that allow for migration (Schwarz and Seber 1999).
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