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Introduction

Mérking experiments can provide a means of cstimating population size in a
variety of situations, and these can for convenience be classified in the following way:

1. Situations in which marked animals suffer the same mortality as the
urmarked population, both at the time of marking and subsequontly. A number of
theoretical models have been developed to deal with this type of situation and these
can be sub~divided into those that take account of multiple recaptures and those that
do not. By "multiple recaptures" is meant the repeated recapture of the same
individuals. Multiple recapture models therefore cater for situations where ths rate
of recapture is comparatively high, while "single recapture" models are more appropriate
when the rate of return is low, or when recaptured individuals are not returned to the
population.

2. Situations in which marked animals suffer greater mortality than ummarked
ones. In these situations, recapture data can scmetimes be used for determining either
instantaneous total or fishing mortality rates. Given one of these, estimates of
population size can then be obtained for a range of values of the other. Two situations
of importance occurs:- ’

(2) When thoro is mortality due to marking but at the time of marking
only. If this happens it is possible to determine an instantanecus total
mortality rate, but not an instantaneous fishing mortality rate. Similarly,
if there is incomplote reporting of tags, it is still possible to determine
a total mortality rate from the decline in the rate of return of marked
animals.

(b) When there is mortality due to marking, but over a period
subsequent to the marking operation only. In this situation it is possible
to determine an instantaneous mortality rate due to fishing, but not one
due to all causes.

Situations in which marked and ummarked animals undergo the same mortality.

A. No account taken of multip 1e recaptures.

The simplest method, which is known as the Petersen or Lincoln Index method
consists of marking animnls on one occasion, and sampling for recaptures on a single
occasion or over a single period of time. Thus, out of a population of N individuals
suppose that T are marked. The probability of subsequently recapturing one of these
marked individuals will depend, in the first place, on how they are distributed
throughout the population and on the way in which the recapture effort is deployed.
If one of these is random, the probability that a sampled animal is marked is T .

Out of o sample of n animals one would therefore expect to get exnotly
2% marked ones.
If this number is denoted by m. Then

m = —%2 and,” rearranging terms, one gets
Wom B (1)
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This is a first estimate of population size (N) in terms of the number
marked (T), the number recaptured (m) and the mmber sampled (n) in the process
of obtaining these recaptures. A better approximation is obtained from a model
in which tho numbor of marked animals per sample is treated as a random variate.
This con be done by considering the probability distribution of numbers of marked
animals out of a sample of size n and this is the approach used by Bailey (1951),
Chapman (1951) and Schaefer (1951). Bailey showed that although the ratio n
gives an unbiased estimate of 1/N, its reciprocal is not an unbiased nT
estimate of N. To allow for this, various modifications of equation (1) have
been proposed as more sultoble for estimating N. Theso, along with their estimated
variances are summarized in Table 1.

Table 1. Formulae for estimating population size ()
by the Petersen method

TIype of Estimates of
Reference Sampling Population size (I) Variance of (IN)
2 -
A. Bailey, 1951 | Dircet N o= In var N = -1 (o - m)
o3 ms
2 -
B. Bailey, 1951 | Direct y=-L@o*1) vern=E@*1) (n-n)
n+1 (mn+1)2 (m + 2)
: (T +1) (n+1) | el N 2, N 3
C. Chapman,1951 Diroct N o= Smeiir var N = I|— + z(nT )+ 6(?{:5)
D. Schaefer,1951 | Direct w= {2 *mll §‘ * 1) none given
E. (Bailey,1951) _ (T +1) _ (T -m+ )W+ 1) -T)
(Chapman,1952) Inverse N= T . var N = m (T + 2)

The first of these equations (A), corresponds to (1) above and is included to show
Bailey'!s estimate of its variance. Equations (B) - (D) correct for the bias in
the basic egquation.

Equations (A) - (D) are appropriate to "direct" sampling. That is
sompling until a predctemined sample size (n) has been obtained. An alternative
proceduro known as inverse sampling is to continue sampling until a predetermined
nunber of marked animals (m) have been rocaptured. It appears (Bailey 1951;
Chapmon 1951) that the theory of this procedure is simpler than that of "direct"
sompling and their equation for estimating I in this situation is given by (E)
of Table 1.

Exomples of population estimation, using the Petersen method are given
by Rickor (1958), Hancock (1951), Lo Cren and Kipling (1961), Sato (1938), and
Simpson (1961). -

A number of assumptions are implicit in the derivation of the
equations in Table 1j +those are as followss-

a. The marked animals are distributed represcntatively
throughout the whole population beforec any recaptures are taken.

b. The marked and unmarked animals are equally liable to capture.

c. The ratio I/N remains constant throughout the period
in which recaptures aro taken.

The third assumption has a number of consequonces of interest. If the
rate of recapture is low so that a considerable interval of time has to elapse
beforc a reasonable proportion of the marked individuals has been recaptured,
some account must be taken of mortality of emigration. This need not
necessarily invalidate the equations in Table 1, however, provided onec can




assune that the mortality or emigration rates of marked and wmarked animals are the
same. If they are, the ratio I/N should, as o first approximation, remain constant.
The only danger thon is that if recaptures are taken over too long o period, the
equations in Table 1 may no longer provide the most efficient estimate of population
size. Provided the necessary conditions can be satisfied, it may instead be better
to uso one of the other methods described below.

If tho recapture of nmarked aninals extends over a long enough period, it is
necessary to take some account of "dilution", resulting from changes in population
sizo due to recruitment or immigration. Tho effect of this will be to increase N,
but not T, so that the ratio ?/N will no longer remain constant, as rcquired. The
simplest woy of allowing for this arises in those populations in which the recruits
or immigrants can be distinguished from the remainder of the population by their
size or age, or some morphological characteristid;" In that case they can bo
rocorded separately and excluded from tho computations. If recruits or immigrants
cannot be excluded in this way an alternative procedure duc to Parker (1955) may be
ndopted. This is based on the fact that the effect of dilution, in causing the ratio

to decline, must also cause ths ratio ™/n, the proportion of marked individuals
in a sample to declins. If then Q/h, or some function of it can be plotted against
time and oxtrapolated to the origin, an estimate will be obtained of n/n bofore
dilution occurred. This method has becn used by Hancock (1961) for estimating the
size of whelk populations. Other methods of estimating rates of dilution will be
roferred to below.

_ The assumption that marked and ummnrked animals are equally liable to
capture is important and if it does not hold, population estimates will be biased
(Carlander & Lewis, 1948; Junge 1961). Andorsen & Bagge (1961) describe how

plaico marked with Petersen discs became caught up in the material cf meshes through
which they would otherwise have escaped. Their chances of capture were thereby
increased and to allowfor this, a different type of tag had to be used.

Schnabel Msethod

The Schnabel method (Séhnabol, 1938) is similar to the Peterson method
except that marking as well as recapturing is dons on a series of occasions. The
fundamental differcnce is that whereas in the Petorsen method the proportion of marked
individuals (_2_) is assumed constant, in the Schnabel mothod it is the population
size (W) N that is assuned constant. The number of marked individuals (T) is
not constant, but increases as the experiment proceeds. Let Tj be the number of
marked individunls in the population immediately prior to taking the ith sample. Let
this somple contain Nj individuals of which Iy are marked.

Schnabel gives the following maximum likelihocd equation for estimating
the population size ().
N oyt ooyl
i =0
3 -7

This equation can be solved for N, the population size, by numerical
nethods (De Lury 1951). Alternatively some specinl cases of interest have been
considored by Schnabel. In particular if the number of marked individuals (Ti) is
negligible compared with tho populationsize (N), the equation can be simplifisd to
give a direct estimote of N.

T n, Ti
e P

b g
Lo 1

Chaprman (1952) suggests that a better estimate would be
T m T

N= = =
s omy tl

whilst Schumacher and Eschmeyer (1943) suggost

2
n, Ti
N =
mi Ti

Examples of the application of this method are given by Ricker (1958), Krumholz (1944),
Le Cren & Kipling (1961) and Schaefer (1951).
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A method for egtimating mortality as well as pqpulation size

An extension of the Schnabel method in which mortality is allowed for is
given by Chapman (1954). It is assumed that marking and recapture take place on
cach of o series of occasions ond that the survival rate is constant and the some
for tagged as for untagged individuals. Using the methed of maximun likelihood, a
poir of equations are derived to provide estimates by numerical methods of the
survival rate and of the number at the time of tho first marking.

B. Account taoken of multiple recaptures

Methods that takeo account of multiple recaptures hove been described by a
number of authors, and many cf these accounts have been revicwed by Pope (1961).
Instonces of multiple recaptures do not often arise in fisheries work but examples
have been described by Le Cron & Kipling (1961) for char in Loke Windemere and by
Kelly & Barker (1961) for redfish in Fastport, Maine. Theoretical models that take
account of multiple recaptures can differ in any of the following viayss-

a. According to whother they allow for survival and dilution
rates seoparately, or together, or not at all.

b. According to whether individuals that have been rscaptured
and narked more than once are grouped, and if so, what method
of grouping is used.

. c.
A sunmnry of some of the main papers dealing with multiple capturo,

rocapture analysis is given in Table 2 to show which of the various combinations of
treatment have been dealt with by different authors.

According to whethsr the models are deterministic, or stochastic.

Table 2. Showing the scopo of some of the main
papers dealing with multiple recapture analysis

Parameters estimated
Moethod Ofx) Survival Dilution Size of
Author Grouping rate rate Population Remarks
Bailoy, 1951 sarliest constant - Deals with Jackson's
mark only "negative" method
Bailey, 1951 earlicst constant constant Triple catch mothod
. : mark only
Loslie & Chitty, A constant - - Discusses methods of
1951 grouping
B cons tant - -
Moran, 1962 A+ B - - - Discusses methods of
grouping
Leslie, 1952 B cons tant variable
Leslio variable -
Leslie B variaoble -
Honmersloey,1953 - variagble -
Darroch, 1958 - , - - Discusses whether
) sample size should be
fixed or variable
Darroch, 1959 - - variable
Darroch - variable -
JDarroch - variablo variablo

x)Methods of Grouping:i=- A recaptures grouped according to number of marks.

B

recaptures grouped according to time since they
werc previously capbursd.
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With the exception of Bailey's "triple catch method", the methods used leads
to equations that can only be solved by numerical methods.

Jackson describes two kinds of census. Firstly, in his "negative" method,
individuals are marked on several occasions, but only ons sample is taken, at the end
of the experiment, for recapture purposes. This method is used by Jackson for
estimating population size and survival rate. Secondly, in his "positive" method
individuals are marked on one occasion only but samples for recapture purposes are
taken on a series of subsequent cccasions. Jackson uses this method to estimate
population size and birth and immigration rates. Bailey (1951) attempted a maximum
likelihood solution of Jackson's "negative" method and, at the expense of a small loss
of information grouped recaptures using the earliest mark only.

Various methods of grouping recaptured animals have been used. For exampls,
Jackson (1936, 1939, 1948) and Fisher & Ford (1947) grouped recaptures according to
the number of marks, so that an individual was counted as many times as it had marks.
An alternative method of grouping was proposed by Leslie & Chitty (1951). This
consisted of grouping marked individuals according to the time since they were
previously regaptured. Both Leslie & Chitty (1951) and Moran (1952) showed that this
method was more efficient than grouping by the numbers of marks.

Hammersley (1953) pointed out that all previous models were deterministic
or semi-probabilistic and he developed a partially stochastic model with deterministi-
cally operating death rates for estimating death rates and population size by numerical
methods. This paper was later criticised by Darroch (1958, 1959) who developed
stochastic models for estimating population size, death rates and dilution rates.

Experiments in which marked and ummarked individuals undergo different mortalities

The importance of mortality, or survival rates in the estimation of
population parsmeters can be deduced directly from the basic Petersen type equation.

Since N = n QAn

one can also write
Nene C%)

Now, = 4is the proportion of marked animals that are returned during the period in which
the sample of n individuals is collected. If some assumptions are made about the rate
of decline of the marked animals, the ratio m/T can be expressed as a function of their
instantansous mortality rates. In particular, if the T marked animals are subject to a
constant instantaneous total mortality rate Z, due partly to fishing (F) and partly

to natural causes (M) it is easily shown that

B & wia b
b il |

where t is the length of time during which the m recapturesare taken. Of special
interest is the case when t is infinitely long, in which case

and

In this case, n usually refers to the total yield in numbers from a year-
class throughout its life which corresponds with the virtual population of Fry (1949).
N then becomes an estimate of the initial size of the year-class. Also of interest is
the case when t = 1 year, so that
m_ F o -
et A i
and m is then the number of recaptures in the first year only. This ratio is referred
to as the "rate of exploitation" (u) by Ricker (1958). In this case the sample size n
can be thought of in two ways. If it refers to the number of a single year-class caught
during one year, then N becomes an estimate of the size of that year-class at the

Zy
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beginning of the year. If it refers to tThe numbers of all year-classes caught in
one year, then, excluding considerations of recruitment, N becomes an estimate
of the population size at the beginning of that year.

The determination of population size from the virtual population using
tagging data to determine F/Z (1 - e‘zt) can therefore be thought of as the
application of the Petersen method to the special case where the recaptures are
made as the result of the commercial exploitation of the population.

The importance of this way of expressing the problem becomes apparent
if the tagging data are subject to certain limitations. In particular:-

a. ILf there is some mortality of marked animals at the time
of liberation, as a result of the marking operation.

b. If there is incomplete reporting of the marks.

c. If as a result of marking the mortality rate of marked
individuals subsequent to the marking operation is different
from that of ummarked individuals.

Ervors arising dus to (a) or (b) are referred to by Ricker (1958) as
Type A errors, those due to (c) as Type B errors.

Errors due to (a) above mean that T is unknown, whilst errors, due to (b)
affect the observed value of m. In either case, therefore, the ratio m/& is biased,
so that the quantity F/z (1 - e"%) can no longer be determined from the returns of
marked animals alone.

However, Type A errors do not affect the subsequent total mortality rate
of marked animals as judged by the rate of decline of the number recaptured per
unit time. It is therefore still possible to determine the total instantaneous
mortality rate (Z) from the rate of decline of marked animals. Estimates of
population size can then be made for a range of likely values of F (or M).

A number of msthods have been described for estimating the total
mortality (or survival) rate from tag returns.

1. Jackson (1939) gives a formula for estimating the proportion
surviving from one year to the next (8) as

S = m2+m5+m4 ooooo-ooconcE]n
ml 2 1'12 + ms .."......nln_—l

where m; Mg ...ce..s. my refer to the mmbers recaptured in successive periods
of time.

If the successive periods of time are not equal to 1 year but to a
period p say, then this formmula gives an estimate of &P

Exomples of the application of this method are given by Ricker (1958)
and Cleaver (1961). Given S, Z can be calculated from the equation Z =-log S.

2. Method (1) gives an estimate of survival rate that is weighted by
the numbers returned in successive periods. An unweighted estimate can be
obtained by plotting the natural logarithms of the numbers returned against the
period in which they were returned. This gives a relationship with a slope equal
to -Z., from which Z may be determined. This method, which has been used by a
number of authors is referred to later in more detail.

Examples are given by Ricker (1988), Cleaver (1961), Dickie (1961),
and Andersen & Bagge (1961).

3. In both methods (1) and (2) it is assumed that the rate of decline
in recaptures is representative of the rate of decline of the surviving marked
individuals. Strictly speaking this will only be true if the mortality rate is
constant, and although the effects of changes in fishing effort, for example, can
be allowed for by converting the numbers recaptured to numbers recaptured per unit
of fishing effort this is only an approximation. A method of estimating survival
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rates when both the survival rate and the rate of recapture vary, quite arbitrarily
from year to year, is described by Eipper, Forney, and Robson (1961). For its
application individuals are marked and recaptured during successive periods, as
indicated for 6 periods, for example, in the diagram below.

Period 1 2 3 4 5 6 Total recaptures
4 MM, mygTRL myg, IR o
2 m2g  Wpq Mp5 Mg mg
T5 Mgy Nzg mzg gz
Tq D45 Mg my
Ts ms6 mg
Total c, Cg Cq Cg Ce
recaptures

Ty eececesse Ty are the numbers marked in periods 1 - 5 respectively, m;.: is the
number recaptured in period j out of the number (Ti) marked in period i.

w3 is the total number recaptured out of the number (Ti) marked in
period i.

C. is the total number recaptured in period i. The formula given by
Eipper et al. for determining the survival rate S; from period i to period i + 1 is

S - Ti + l - mi i_(m__l_'l- m2 4+ ecsocoeneass nmi) - (Cz B CS 4 sesee ci+J
1 T 3 + 1 —
i m uml +m2 + ..o.--o.-mi) - (Cz +Cs+ asece Ci)]

This is a maximum likelihood estimate, and estimators of variance and
co-variance are also given.

4. Another maximum likelihood approach is developed by Gulland (1955) who
derives maximum likelihood estimates of the instantaneous fishing and natural

mortality rates F and M. He shows that 5 is an unbiased estimate of 1/2.
As a first approximation, m m
R |

could therefore be used as an estimate of Z. Here m is the total number recaptured
and & t; is the cumulative time absent of these m individuals.

- ——

If the physical act of marking causes animals to die at a greater rate
than they otherwise would do, subsequent to the marking operation, then their total
instantaneous mortality rate will be an overestimate of the normal rate.

It is still possible, however, to obtain estimates of F, the fishing
mortality rate, free from this bias providing the excess mortality of marked animals
is due only to the presence of the marks, and not to a greater vulnsrability to
capture. Estimates of population size can then be obtained for different values of

the natural mortality rate M. There are two methods for estimating F from tagging
data.

1. Gulland's (1955) maximum likelihood estimate of F is umaffected by
Type B errors and is given by:
F = -.JEE____.

T3 b

2. Beverton & Holt (1956) and Jones (1956) show that by plotting the
natural logarithms of the numbers returned against the period of return a line with
a slope of -Zp is obtained. The effect of Type B errors is to overestimate Z when
estimated in this way. They do not, however, alter the estimate of F that can be
made from the intercept of this line on the ordinate at the point corresponding to
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zero time. More precisely, if marked animals are returned in successive periods,
numbered 0, 1, 2, etc. and each of duration p then my, the number returned in
period number t is given by

TFe 2P (1 - o 2P)

o Z
so that
loge my = logg T + logg F + logg (1 ; e-Zp) - Ztp
Then when t = 0, the intercept I becomes
(1 - e-Zp

I=1log, T+ logy F + logg

and, on re-arranging terms, and taking antilogarithms

eIZ

T(1 - e~2p)

F =

The fact that Z is too large, because of Type B errors does not
invalidate this estimate of F, since the intercept I is itself a function of Z.

Paloheimo (1958) gives a modification of this method, an example of
which is given by Dickie (1961).

Summasz

A summary of the way in which tagging experiments have been grouped in
this paper is given in Table 3.

Table 3. Classification of marking experiments

Marked and ummarked individuals _~ no account taken of multiple
: -~
experience the same rates of <i\ recaptures
mortality or emigration ~._ account taken of multiple recaptures
Mortality due to marking but at \ possible to determine insta.mtaneous
the time of marking only i T

total mortality rate only

g gt T 0

Incomplete reporting of marks

Mortality due to marking, but
subsequent to time of marking possible to determine instantareous
only recapture rate only

(i.e. instantaneous fishing
mortality rate in most instances)

From this table it will be appreciated that many of the more sophisticated methods
of estimating population size usually cannot be applied to fish stocks for the
simple reason that the mortality rates of marked and ummarked individuals are
rarely the .same. Only too often, there is reason to believe that marking can cause
mortality not only at the time of liberation but also subsequently. In this
situation, estimates of population size from tagging data alone cannot be exact
although there may be instances in which useful approximations can be made.

A more encouraging viewpoint is that with the gradual improvement of
marking techniques the time may come when this obstacle can be overcome. When
this happens some, or all of the more sophisticated techniques will become
applicable, and there will be much to be gained by sampling for marked animals
according to a special design, instead of relying solely on the commercial
exploitation of the stockfor the return of marked individuals.




Marking oxporiments can provide a means of estimating population size in
o variety of situations, and these can for convenienco be classified in the
following ways-

1. Situations in which marked animals suffer the same mortality as the
wmarked population, both at the time of marking and subsequently. A number of
theoretical models have been developed to deal with this type of situation and these
can be sub-dividod into those that take account of nmultiple recaptures and those
that do not. By "multiple recaptures™ is meant the repeated recapture of the same
individuals. Multiple reécapture models therefore cater for situations where tho
rate of recapture is comparatively high, while "single rocapture"” models are more
appropriate when the rate of roturn is low, or when recaptured individuals are not
returned to the population.

2. Situations in which rarked animals suffer greater mortality than
urmarked ones. In these situations, recapture data con scmetimes bo used for
determining either instantaneous total or fishing mortallty rates. Given one of
theso, estimates of population si%o can then bo obtained for a range of values of tho
other. Two situations of importancd ocour:-

(a) Vhen there is mortaliby due to marking but at tho time of mrkmg
only: If this happens it is pcssible to determine an instantansous
total mortallty rate, but not an instantanecous fishing mortality rate.

(b) Then there is mortality tue to marking, but over a period subsequent
to the marking operation only. In this situation it is possible to
deternine an instantancous mortality rate due to fishing, but not one
dus to all causes.

The fact that many methods of analysis require equal mortality of marked
and unmarked individuals means that they cannot be used to estimate the size of many
fish populations. It is hoped, however, that with further advances in marking
techniques, this obstacle can be overcome and that some or all of the methods referred
to in this review may ultifately be of use for estimating the size of fish populations.
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