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ABSTRACT

Age and growth rates of the coarse fish of 39 gravel-pit lakes 1in
South~East England are compared. Species composition and growth rate are
very variable, the commonest species being roach (Rutilus rutilus L.),

bream (Abramis brama L.), tench (Tineca tinca L.), perch (Perca fluviatilis

'L.) and pike (Esox lucius L.). There was no apparent correlation between

fish growth rate and age, size or any other measured parameter of a lake.
Two lakes dominated by pike and perch and four lakes dominated by

roach, bream and tench were studied. Two annual estimates of fish .
population abundance were carried out in these six lakes using the following
marﬁ-recapture models: Lincoln Index (Bailey modification); Fisher and
Ford (Triple Catch); Leslie (Method B grouping); and Jolly's Stochastic
Model. An additional model involving a modification of the Triple Catch
method to allow for mortality or change in catchability of marked fish is
proposed. These models and methods of marking and tagging fish are
critically appraised. A notable criticism is that marked fish cannot be

regarded as behaving in the same way as unmarked individuals.

Population and community structure, growth rate, mortality and

production of fish in each of the six lakes are compared. The growth

and production of individual species and individual year-classes are not
apparently related to density. Total fish production in each lake has

‘the following relationship with biomass: P = 2.450'82, where P =

"~ production in gm/m?/year and B = mean biomass in gm/mz.
Seasonal growth of roach infected with plerocercoids of Ligula

‘jig&ggﬁigglig_L. was observed at monthly intervals and the time of check

formation on the scales noted. The possible effects of parasitization

by Ligula and predation by pike on the abundance of roach are discussed.
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SECTION 1: INTRODUCTION



1.1 General Introduction
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The increasing demand for sand and gravel during the past fifty years

has created a number of artificial water bodies in the southern half of
Britain. As a result of an accelerating demand by large urban populations

the amenity value of such waters has become obvious, particularly for

angling. Though gravel-pit sport fisheries are managed in the United States
of America (Bennett, 1971) very little is known of the biology of such lakes
in Britain.

Of some sixty gravel-pit lakes in this country, used as sport fisheries
By Leisure Sport Ltd., forty-five have been surveyed by members of ‘the

Biology Department of the City of London Polytechnic for invertebrates,

mainly molluscs (Powell and South, in preparation). This thesis is an
account of an investigation of the growth rates of the fishes in thirty-nine
of these forty—-five lakes and further detailed studies on selected lakes.
The ultimate aim of the work at the City of London Polytechnic 1s to
establish an ecologicglbasis for management. The value of estimating
biomass and production has been_emphasized by the activities directed by
the International Biological Programme in recent years. Production assumes
a particularly important role because of the labile nature of growth in
fishes. This is true for both food and sport fish. As LeCren (1974)
emphasizes, a knowledge of the processes governing production is essential
for understanding both fish ecology and management of fisheries. As a

matter of simple practicability, the present study was necessarily

restricted to growth rates in thirty-nine lakes, and population studies in
six lakes. In fish populations density, size and age structure are of

basic importance (LeCren, 1949); appropriate estimates were therefore made

for each chosen population, and the dynamic aspect was studied by censuses

at the beginning and end of a growing season.
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1.2 The Age Determination of Fishes

The age determination (ageing) of fish by examination of scales and

bones is well documented. The periodic growth of fish in temperate con-
ditions is reflected in scales and bone structure, giving an index of the
growth history of the fish. The method was used for carp in the last
century by Hoffbauer (1899). The general principles of such age-
determination are described by Masterman (1913), Graham (1929) and Van
Oosten (1929).

Following the nomenclature of Jones (1953), the roach scale can be
described as consisting of a number of flat bony plates, the edges of

these plates forming concentric rings. The number of ridges or rings

~and the distance between them vary. A discontinuity in the normally
regular pattern of concentric rings is known as a check. This usually

consists of two or three narrowly spaced, incomplete rings. The term

‘eirculi' and

annuli' have been used extensively in the literature as
synonyms for 'concentric rings' and 'checks' respectively.

Though the study of fish_scales‘and bones has inevitably been con-
centrated on commercially important species including salmonids, the
structure and use of scales for age determination of coarse fish is common.
Masterman (1923), Pentelow (1937), Hartley (1947) and Jones (1953) describe
the scales of roach. Wallin ,(1957) gives a very detailed account of the

finer structure of these scales. More recently the histochemistry and

cytology of fish scales (including those of goldfish) have been described

by Mackawa and Yamada (1970 , 1972). . The use of scales of coarse fish
other than roach for ageing and growth is also well documented. Backiel
and Zawisza (1968) list a large number of workers who have used the method
successfully for bream. Cragg-lline and Jones (1969) describe the scales

of dace and chub, Kennedy and Fitzmaurice (1972) those of the gudgeon;

whilst Williams (1967) points out the scarcity of information regarding

those of bleak. However, Williams describes bleak scales as having
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'Clearly-defiﬁed bands of widely and narrowly spaced rings', and concludes
that they may be used for ageing. He was also able to show that there

was one period of check formation each year occurring chiefly during April-
ﬂay. In this present work the scales of rudd and crucian carp were found
to be generally similar to those of the other cyprinids described and were
therefore used in the same way.

The scales of perch and pike are notoriously. difficult to intefpret.
LeCren (1947) describes the use of the opercular bone for age and growth
determination in perch, whilst Frost and Kipling (1959) discuss the use of

* opercula inpike: Although Weatherley (1959) successfully used the

éca{es of tench, I have found considerable difficulty in their inter-—

prététion. Consequently, opercula have been used in the present work.
The occurrence of structure; described as checks is normally annual;
however, there are a number of instances reported where this is not so.
Matﬁews and Williams (1972) describe the scales of Thames dace in which
the first check did not appear until the beginning of their third year of
1life. Buchholz and Carlander (1963) noted the failure of yellow bass,

- Roccus mississipiensis (Jordan and Eigenmann), to form annuli in certain

years.

The precise nature of check formation is not yet understood, although
Bilton and Robins (1971) found a correlation between the number Sf checks
and the number of weeks fish were offered an ad libitum diet. There was

no correlation with the number of weeks they were starved. Bhatia (1932)

showed that food influenced the secretion of growth hormone and was the

greatest factor affecting scale growth. = Beckman (1943) found a good
correlation between temperature and the time of annulus formation in

Michigan game fishes. Simkiss (1974) asks 'is the reading of scales
therefore really just a bioassay of fluctuating levels of growth hormone

which itself simply reflects environmental variables?'.

Many attempts have been made to overcome the possible objections to

the use of scales for age determination. Sych (1971) prepared a theo-
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retical procedural guide which is, however, difficult to put into practice.
LeCren (1947) listed five main kinds of evidence which should be sought to

substantiate the interpretation of scale and bone rings. It is not

usually possible to fulfil all of these criteria because of practical

difficulties and time restrictions, but satisfying some of them will aid
in confirming the reliability of the interpretation. During this
investigation the time of cﬁeck formation in roach was studied in monthly
samples taken in Yateley 4 (see p. 50).

Tﬁﬁ'prAElémfof aéaihé fish has rgcgntly been discussed at an
international symposium (Bagenal, 1974). . Hofstede (1974) and éteinmetz

. (1974) gave strong evidence for the validity of ageing and back-calculating

methods for roach, dace, bream and rudd in Dutch waters.

The assumption of Lea (1910) that the size of the scale .i1s proportional
to the size of the fish initiated the practice of using scales to calculate
tﬁg'growth.history of the fish (back=calculation), but its validity has
been vigorously disputed. Creaser (1926) gave a detailed account of the
structure and growth of the scales of the sunfish, Eupomotis gibbosus (L.),
though the corrections he included in his expression for large fish were
particularly cumbersome. It was not until Segerstrale's (1933) paper
that the inter-population variability of this relationship was fully
accepted. Subsequent workers have appreciated the need to derive the
empirical relationship between these two parameters. The types of

empirical relationship between scale size and body length have been discussed

in great detail by many workers. Schuck (1949) and Hile (1970) give
comprehensive reviews of the problem of back-calculation, including
summaries of the main types of relationship. The straight-line relation-
ship with zero intercept is often used in fishery biology today even though
it is rarely strictly valid. The apparent change in growth rate during
the first year*whenfcalculated from scales of older fishes is an anomaly
described originally by Lee (1920). The straight-line relationship with

intercept other than zero is commonly found. The'biological significance
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of a positive intercept on the body length axis has prompted a great deal
of speculation. Lee (1920), Meriman (1941) and Carlander and Smith (1944),
interpreted the intercept as corresponding to the length of the fish when
Scales were first formed. However, this is difficult to prove and
unnecessary for the purposes of back-calculating annual growth. Frank
(1970) examined scales of young roach, and found that scales were first
formed when the standard length was 16 mm. It is also known that scales
appear on some parts of the body before others; for example, Balon (1956)
describes the first scales of roach developing on the tail. Though Frank
found the scale/body-length relationship in roach to be 'from tﬂé beginning
of life typically parabolic', for the purposes of back-calculation this 1is
irrelevant. It is the relationship from the time of formation of the

first annulus that is important. Sometimes the relationship 1is curvi-
linear: Mann (1973) found that a second-degree parabola gave the line of
best fit for a plot of fork length v. anterior scale radius in roach.

Once the most suitable empirical relationship had been found back-
calculation was carried out by many workers with the aid of nomograms.
Some, for example Hile (1948) and Schuck (1949) were elaborate and awkward
to use. Today the whole process of calculating the scale/ body-length
relationship, performing the back-calculations and summarizing the results
1s efficiently performed by cbmputer.

Only occasionally has back-calculation been used to determine the
growth of British coarse fish. The method is well illustrated in the
- work of Mann (1973). Banks (1970) used back—-calculations from roach
opercula to check the growth for mean length-at-age data, but only
discussed back-calculated lengths for the first three years' growth,
because length-at-age data were not available. The practice of compounding

a growth rate for a species from mean lengths of aged fish sampled over a
short period of time is cormon. This approach is bound to obscure

differences in growth pattern between year-classes and can lead to the

formulation of growth rates which would be inaccurate over the life history
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of any individual. Accurate growth curves from such data require
considerably larger samples of fish of all year-classes than do curves

from back-calculated data. Provided that some of the criteria listed

Py LeCren (1947) for testing the validity of these ageing methods are met,
and provided that an accurate, constant, predictive relationship exists
between the size of the scale or bone and that of the fish, there should
be no impediment to using back-calculation. However, there 1s an ;nherent
error associated with firstly, the degree to which the observed data fit

the scale/body-length relationship, and secondly, any change there may be

in the structure of the scale with age. The scale/body-length'relation-

f

ship will be different for every scale of any one individual. It follows
therefore that some error will be inevitable through the use of scales

from different sites on the fish. The precise relationship might also

be different for different individuals of the same population.

1.3 Capture-Recapture Methods for Estimating the Abundance
of Fish Populations

Most gravel-pit lakes are too large to satisfy the conditions of
methods of abundance estimation that depend on catch depletion (de Lury,
1947; Zippin, 1956); and the efficiency of seine-nefting in these lakes
is too variable for catch-effort analysis. It was therefore necessary

to use capture—-recapture methods. There are many capture-recapture models

currently available, though most fishery investigations still enploy the

older, simpler methods. The choice of a model for this work was difficult

so several were used and the results compared in the light of the

requirements of the models and the probable behaviour of the experimental
populations. (See Section 3.3.3).
Since Petersen (1896) used marked individuals to study fish populations,

the science of capture-recapture had developed extensively in application

end mathematical sophistication. The method is now widely used for mobile
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populations of many species, including fish. As Cormack (1968) points
out in his review of the subject, there are two distinct types of infor-
mation which can be obtained by introducing into a population individuals
that will be identifiable in subsequent sampling. Firstly, the recovery
of marked individuals can provide estimates of such population parameters
as -death rate (or emigration) and birth rate (or immigration). Secondly,
a comparison of marked and unmarked individuals can provide estimates of

population size. All models make assumptions about the behaviour of

marked and unmarked individuals in relation to the type of sampling device

used; the suitability of any of these models naturally depends on how

.realistic these assumptions are. The following is intended as a brief

summary of the various types of models that can be used, particularly in
the field of fisheries research. Only those used in this investigation
are discussed in detail although others are mentioned in order to clarify
the differences and similarities between them.

(a) Simple Recapture

This method can be aﬁplied to the type of situation originally met
by Peterson (1896) in fish, and by Lincoln (1930) in waterfowl. Although
first described by Peterson, it is commonly referred to as the 'Lincoln
Index'.

Into a closed population' of unknown size N, are introduced M individuals
in some way, usually by marking : in a subsequent sample of size n, m are

found to be marked. Assuming identical behaviour of marked and unmarked

individuals
n M
n N
Nu.}ir.];
m

giving an estimate of the original population.
Like other simple formulations, this one involves simplistic

assumptions:

(a) that the population is closed, i.e. free from any mortality

or recruitment;
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(b) that release by the experimenter, and subsequent dispersal,
of the marked animals occurs in such a way that the
probability of recapturing a marked animal is equal to the
frequency of marked animals in the population; which implies
(c) that marked and unmarked individuals are equally vulnerable

to the sampling gear;

(d) that there is no loss of marks nor failure by the
experimenter to recognise them; and
(e) that marking does not itself affect the animal's chances
of survival.
Vulnerability is the probability of being caught by the fishing gear.
Catchability 1s the proportion of fish caught.

Moreover, the fact that recapture is only carried out once means that

none of these assumptions can be tested. The basic assumptions imply

that m has a hypogeometric distribution, however, when N is large,

reasonable approximations are obtained using a binomial, Poisson or normal

distribution, for which tables are available to find the required confidence
limits.

Junge (1963) has investigated the bias associated with this type of
estimate and has proposed a bias factor in terms of the rates of

exploitation at the time of tagging and recovery. Bailey (1951) showed

that in binomial sampling the simple expression given above is in fact the

maximum-likelihood estimate of N, or as Cormack (1968) points out, only

the integer part of N. Bailey showed that sample size was critical in

that when m = O the estimate of N reaches infinity. He gave the relative

-1

bias in the expectation of N as in the order of r = where r = Em (Expectation

of m), and suggested the following as a relatively unbiased estimate

v _M(n + 1)

N im-l- 15

where the bias is reduced to e_r.

Similarly, the unbiased estimate of the variance of N is given by
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Var (N) — Mz(n + 1)(11 - Tﬂ)

(m + 1)2 (m + 2)

These equations apply when sampling is direct, ie when the total
sample size is fixed. ‘'A.contrasting approach is the technique of Haldane

(1945) known as ‘'inverse sampling'. Here, resampling is continued until

a predetermined number of marked individuals is obtained. Bailey (1951)

gives an expression for an estimate of N which is. unbiased in most situations.

Knight (1965) gives a guide as to the size of m necessary to minimize the

variance of llﬁ. Inverse sampling has the disadvantage of not allowing

- summation of separate estimates of sub-divisions of the population

/

concerned.

. (b) Multiple Marking

The extension of the capture-recapture technique giving a distinct
mark to individuals captured on different days constituted an advance in

the study of mobile populations. It increases the proportion of marked

members in the population, and can give valuable information on changes

in that population, thus allowing assumptions of the model to be tested.

Schnabel (1938) gave the solution to the maximum-likelihood equation
for a set of independent samples. Cormack (1973) derived a similar
expression using the 'commonsense approach'. His argument is that if the

probability of an individual being recorded in a sample, Si’ is given by
Pi’ then
m,

- 1
P, = —=
) Mi

where mi = number of marked individuals in Si

M. = total number of marked individuals in the population

Similarly, for the total population, marked and unmarked

A ni
b W,
1

R niMi
I.l N- =
1 m,
1

where n, = number of individuals in Si

N

Ni total number of individuals in the population.

e
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Immediately after the release of newly marked individuals subsequent to

sample S., there are (Mi". tn, - mi) marked individuals in the population.

Of these Mi+ Therefore, the survival rate during

will be alive at Si

1 +]1°

this time interval 1is

For the whole population, the number of individuals alive after this

interval 1is Ni'gi' The number present at Si+1 is therefore

where B. are the additions to the population during the time interval.

The assumptions of this 'commonsense approach' are inherent in most

of the sophisticated mathematical derivations.

Jackson (1937) devised one method involving multiple marks. His

'negative' method involved successive periods of sampling and marking, note

being taken of the numbers of marked and unmarked individuals in the final

sample only. .In contrast, his 'positive' method involved a large number

e

- of single marks which were recaptured on a number of later occasions.

Both methods take into account birth and death rates.

When animals are marked and released on a number of separate occasions

and each individual is marked in such a way as to distinguish each of the

occasions on which it was captured, there are a number of possible methods
of recording their history. Only two of these will be described in
detail as they were used in the present investigation.

Fisher and Ford (1947) arranged their multiple recapture data in
arrays referred to as trellis diagrams. Bailey (1951) discussed the

modelling of such a complex situation. He assumed an open population
with constant birth and death rates. In the case of a large population,

where the effects of sampling without replacement could be ignored, he

expressed the likelihood as
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k j-1 ns:
el o n I (N'i/N') i
j=1 i=o % J

wherejnji are the number of individuals caught on the jth day which were

first marked on the ith day. If the total population on the jth day is
Nj, Nji were first marked on the ith day, Njo being unmarked. The total
number of days considered is k. The newly marked individuals released

on the jth day are represented by Sj' The whole population suffer birth
and death, though additions to the marked individuals are possible only

by the release of newly marked animals. Bailey showed that

Nji - Si-e—Y(j-i) (i = 13 TEEE (j-l))
Nj - Nl.e(B-Y) (j-l) (j = 2: ceo0 0y K)

1

0 N'i
j ; 3

j-
and N, =N, - z

J iz

where B and y are the deterministic birth and death rates respectively.

The solution of maximum-likelihood equations for B, Yy and N1 18
difficult but Bailey showed that manipulation of such trellis data becomes

feasible when the number of occasions on which catching takes place is

reduced to three. This is the familiar 'Triple Catch' situation.
Unfortunately the method necegssitates ignoring all but the first mark on

any animal.

The time intervals between samples 1 and 2 and 2 and 3 are t1 and t2

respectively. Using the same notation as given above

Woen2r MM
21 N °* 2 X
2
) =N32 = n.S,
32 N. ° B3 AX
3
L ) B
31 N3 © 73 AX
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"21°"32
The estimate 1is only unbiased when sample size is large. Bailey derived

the following unbiased estimates

So(ny + 1)ngy
(n21 + 1) (n‘,32 + 1)

> <
i

+ 1)
+ 1)

N, (ng
n, (ny,

> <

Sz.n31

+ 1)

=
n
p

1'\%32

/ L * » L L
An.gpproxrmately unbiased estimate of the variance of X 1is given by

2
S, (n2 + 1)(n2 + 2)n31(n31 - 1)

,, + D(n,, + (0., + )(n., + 2)
oy ¥ D0y +2)(ngy + Ding, + 2

var(X) ~ §c2 -

The situation encountered in the present research suggested a modified

approach.
The condition that all animals should survive is unrealistic, but

b

under the conditions of the investigation described here it is probable

that mortality of unmarked fish during the course of a population estimation
1s negligible. The lakes are closed so that there is no immigration. It

is probable, however, that some marked fish do die (see Section 3.3.3).

This mortality may be real or apparent (due to an increase or decrease in

vulnerability of marked fish to the gear). Therefore, continuing to use

L

the same nomenclature, we can assume a constant, deterministic death rate,
Y s 1s operative on marked animals only. During the time interval

t = t2 - t1 = t3 - tz,'we have

= - - o YL
N2 N1 Sl(l e ' )

o _ _ =Yt
N3 N2 52(1 e )

fe N} =Nyr(s) - S.p)



which in recapture terms is

n ) § 1
2731 (_g__ | _)+ ,
N3y W1 .

S

1

In this situation the multiple-mark system serves two purposes;

it increases the total number of marked animals in the population and it

gives an indication of their behaviour. A value of y = 1 would suggest

total survival of marked members and full integration into the unmarked
population. These are the ideal conditions necessary for the functioning
of the Lincoln Index model (refer to p. 13). A wvalue p < 1 could imply
death of some marked individuals and/or a decrease in their catchability

.after marking. A value of p > 1 suggests an increase in catchability

compared with unmarked members. The new expression for N, is likely to be
a better estimate of population abundance than ei;her the Lincoln Index or
Triple Catch (in short term experiments) if the behaviour of marked fish
differs from that of unmarked fish.

Whereas Bailey (1951) grouped his multiple recaptures in relation to

the time of first marking, the alternative procedure, that of grouping in

relation to last capture, is explained in a series of three papers by

Leslie and Chitty (1951), Leslie (1952) and Leslie, Chitty and Chitty (1953).

A further modification, followed in this work, is given in an Appendix to
Leslie, Chitty and Chitty (1953).

Following these authors' nomenclature, R animals are caught at time t,
consisting of Ut unmarked individuals and Mt individuals last recaptured at
time t = x (x = 0,1,2, veeo, t = 1 ):Mt +U_'=R). Assuming a
deterministic death rate, if the totaT number of individuals in the

lati Y ] = y . :
~population at the beginning (T = 0) is N_ then P012....(t-1) N exist at

! '

time t. (ie Pt is the survival factor over the interval of time t). The

t-2
sum X M_ 1s defined as n, (t = 2,3,4,00..,T). If Yt 1s the total number
X=0
of marked individuals in the population at time t
¢t+1 = Pt(upt + Yt) equation (1)

where, allowing for d 1 = - = - 9 .
: ‘t owing or d achd?nFal l?ss?s Yt~ Ut dt Rt st.
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The following tabulation therefore is a summary of the expected number

of individuals in the population at the sampling time t + 1.

Newl = Vs Vel
Yee1 T PeRe ' e+l
PrRt M s t+1
Nee1 Cea1
(total population (Total number of individuals
at time t+1) captured at time t+l).

Defining‘Wﬁ as

Nt+1 B tht

and substituting in the above tabulation gives a log likelihood equation

from which Leslie and Chitty (1951) showed that

Negp = Crap (Ve = S /W,

M ea1 = Cral Re/Wy
n R
- t+]l 't
Ipt = 'El-___ + St (t = 1,2,--.-,1‘-1)
tyt+l equation (2)
.R C
and W, = mt t+l equation (3)
t,t+l
_ . (b, +vy.)C, 4
te e U T s
t+l

substituting in equation (1) we get

) Peiy
Pt = i'lpt + yts (t = 0,1,2,----T-2)
But Nt = Pt-l 'Wt_l
A ] wtc K
. t
"t Nt - _§::-— (t = 1,2,3,----,1'-1)

N, being the required estimate of population abundance at time t. Again,
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this model is Easically identical to the Lincoln Index the difference
being that the parameters wt’ Ct and St include marked and unmarked fish

corresponding to a number of different sampling occasions.

The appropriate variances are given by

2
(wt N yt) nt+1

v(yp,) =
‘ St+1 Mt,t+1
A V(p,) V(v )
V(Pt) = Pz . —-——t:-——-i- + 2t+1
(¢t ¥ yt) ¢t+1

/, A 2 [Ct = St V(lpt) |
f V(IN) = N ., |——————o ¢
; t t St . Ct wi

The Method B grouping (Leslie, Chitty and Chitty, 1953) here
employed has the advantage of calculating the relative parameters from

recaptures of animals that are known to survive at least one intersample

period. However, in this approach the deterministic death rate calculated

from these marked members is assumed to apply equally to unmarked individuals.

In this respect it may be no better in practice than either the Lincoln

Index or Triple Catch models. One of the advantages of the model, however,

is that, unlike the Triple Catch model (see p.l7), it can be applied to a

large number of recapture periods simultaneously.

(c) Stochastic Models
The use of deterministic models in place of their stochastic

(probabilistic) counterparts was once justified on the grounds of simplicity

of applicationm, Howevef, Jolly (1965) and Seber (1965) have shown that

stochastic models are simpler than deterministic models in this respect.
Stochastic models give a more precise estimate of the variance of the

estimator than deterministic models which tend to under-estimate this

statistic (Moran, 1952). In a population subject to immigration (or birth)

or emigration (or death) and growth and maturity, the assumption that all
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these rates are constant (deterministic) is not valid. A realistic model

has to allow for these events in a stochastic manner. This problem was

first tackled by Darroch (1958, 1959)

For a closed population over a very short period of a few weeks a

deterministic model is adequate, especially where the sample size is

relatively large (Cormack, 1968).

The grouping of recaptures according to the time of last recapture

(Leslie, Chitty and Chitty, 1953) is described by Moran (1952) as 'semi-

probabilistic' (ie semi-stochastic) for; although the probability of

survival, Py is deterministic the survivors, P N, are chosen at random.

t
Jolly's stochastic model (Jolly, 1965) is the most widely used in

ecological research, and is the only stochastic model used in the present

investigation. This model differs from Jolly's 1963 deterministic model

in that instead of assuming a deterministic death rate of exactly M, 1in

the interval betwecen the i and (i+l)th sample, we assume ¢i is the
probability that an animal will survive over that interval. The basic

assumptions of this model are the same as for the models discussed above

in that each sample is supposedly random, and the Si animals released
from the ith sample after marking have distributed themselves throughout
the population so tﬁat they have the same probability as unmarked animals
of being caught in the (i+1)th sample. _So, apart from the stochastic
element ¢., the model is simple; the expression for the estimate of the
population number at time i being

N, = o

.
F

°
where Cli = ;1":' | (1 = 2,3,---1:’1‘)

-4

and M. = "i"i + n, (1=2,3,....,L=1)

1
Where a. is the proportion and M, the actual number of marked animals in

the population at time i; of the marked animals not caught at time i, Z,
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are subsequently caught; of the Si animals just released marked from the

sample at time 1, Ri are subsequently caught; Mi 1s the observed number

of marked animals and n. the total number of animals caught at time 1.

The most important assumption of the model therefore is that the
chances of subsequen_t recapture of animals marked at different times
(1 =1,2,3,....L) r_wt caugl;t at time 1 (Mi - mi) and of animals actually
marked and released at time 1 (Si) are the same, ie the chances of all

marked animals being caught are the same.

Z. R.
je ———— = =

It is therefore a requirement of this model, like the other published

models discussed, that marked and unmarked animals behave in the same way.
If the marked individuals are not truly representative of the whole pop-
ulation the refinement of the stochastic clement offers no advantage.
Where inter-sample time is long and the number of samples large there
are strong a priori reasons for choosing a stochastic model. In a three-

point sampling survey (as in this investigation) a stochastic model 1is

effectively reduced to a near-deterministic level.
Further evaluation of all these models will be postponed (see p. 28)

until some consideration has been given to their practical application.

1.4 The Practical Application of Capture-recapture Models
in Fishery Research

Most mathematical models in ecological research assume behaviour

patterns in the experimental population which are unrealistic. The main

assumptions of some capture-recapture models are listed on pages )3 ¢ \
The following practical factors should be taken into account

loss of marks ((d) on p.14)

mortality due to marking ((e) on p.l4)

differences in catchability of marked and unmarked

indiyiduals ((e) on p.14)
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non-fandomness'of'marked fish or of fishing effort

(implied in (b) on p.ld).

Loss of Marks

| The most common methods of ‘marking fish are by: attaching a plastic
!6r mefal-tag to the jaw of fins; removing a portion of fin; injecting a
coloured or fluorescent liquid under the skin; and freeze branding.

None of these methods is totally reliable. .

Carline and Brynildson (1972) report losses of 2% and 5.7Z with Floy

anchor tags over.a period of 8 months in two trials with brook trout

(Salvelinus fontinalis Mitchill). Koshinsky (19%2) reports 137 losses

with barb-anchored spaghetti dart tags and 927 with monofilament-attached

preopercular disc tags over 2 years in pike. Muir (1963) also had to

correct his Petersen estimates for tag losses (estimated independently).
Finclipping is probably suitable for only relatively short-term

studies. Ricker (1958) describes the almost perfect regeneration of fins

in the large crappie (Pomoxis annularis Rafinesque) but noted that fins
clipped very close to the b;;e showed imperfect regeneration. LeCren and
Kipling (1963) used a complex finclipping system in char (Salvelinus
willughbii Gunther) and evaluated the finclipping technique by a sub-
cutaneous tag as a second'mark; Holes punched in the fins healed in
about six weeks. Although regeneration usually resulted in a distorted
scar the technique was not considered reliable in long-term experiments.

-Regenerated fins are recognisable in some instances because the rays are

often irregular in the region of the cut (LeCren and Kipling, 1963;
Stuart, 1958). Such marks can easily be overlooked by inexperienced
observers, for example anglers, who must be relied upon for recapturing
marked fish in some investigations. Thorpe (1974) used a similar
double~mark system to estimate tag loss in trout in Loch Leven (2.157% tag
loss over one angling season).

Many workers have used dyes, injected under the skin, to mark young
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fish, when other marking techniques are inappropriate. Smith (1970) used

fluorescent dyes which were visible for up to 11 months in sticklebacks

and minnows. Riley (1966) found that coloured latex injected in the same
way lasted two years in plaice (Pleuronectes platessa L.) with no signs of
. fading.

‘The Panjet inoculator offers a quick and easy technique for batch-

marking large numbers of fish of considerable size range; Hart and

Pitcher (1969) found alcian blue panjet marks lasted 14 months on minnows

and chub in the laboratory and at least 12 months in the field. My own

observations in the field indicate that panjet marks are more distinct in

»specics with smaller scales. Tench,. for example, are easier to mark than

chub and carp. Good marks are obtained when the dye penetrates the scale
pocket beneath the scale itself,

A popular method ofmarking fish, particularly juvenile salmonids, 1is
by the application of hot or cold branding tools. Batch or individual
marks are possible depending on tool design. Fujihara and Nakatani (1967)

found both cold and hot brands were retained well on 115~125 mm rainbow

trout (Salmo gairdneri Richardson). They noted that tools immersed in a

mixture of ethanol and dry ice (-80°C) did not have the disadvantage of
slipping on application as‘did those immersed in boiling water. They
found that marks were poorly ‘retained on carp, possibly because of the
heavy scales. Everest and Edmundsen (1967) successfully used tools

immersed in a mixture of acetone and dry ice (-7800) on juvenile salmonids.

Refestie and Aulstad (1975) obtained up to 927 mark retention after one
year in juvenile salmonids using tools immersed in liquid nitrogen (-109°C-
-175°C). I consider cold branding inferior to panjeting for the purposes
of batch marking fish such as cyprinids which have large scales in
comparison with those of salmonids.
Mortality Due to Marking
The simplest assumption that can be made when applying capture-

recapture models is that marking does not affect mortality. This is
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probably rarely true. Deaths may be caused by the mark or tag or merely

by handling. Ricker (1958) suggests that differential mortality due to

the marks themselves can be tested by comparing returns from different
kinds of marks. The survival of brook trout (Salvelinus fontinalis)

‘was found,by Carline and Brynildson (1972) to be unaffected by Floy anchor
tags. Kishinsky (1972) found dart-~tag mortality higher in the second
year than in the first year (12.07 and 2.97) in pike but that disc-tagged
pike showed a decreasing mortality from the first year to the second year
(5.9%2 and 1.67). Kennedy (1970) found almost 100%Z mortality within one

year among dart-tagged sablefish held in tanks and nets, though this

result is of doubtful significance to field experiments.

Parker (1955) describes a method which allows for the recruitment of
fish into a commercial stock during the course of a capture-recapture
experiment. Thorpe (1974) was able to use this method to test for
differential mortality in tagged trout. If differential mortality did

.
occur then the rate at which tagged fish were caught would decrease with
time. He showed that an apparent differential mortality was due to a
seasonal change in the vulnerability of Loch Leven trout to angling.
This resulted in more of the April-tagged fish being caught in early
summer than fish tagged at other times of the year.

In the present work deaths of some small roach and bream occurred

within a few hours of panjeting with indian ink. Subsequent examination

showed penetration by the ink into the body cavity of some of these

fishes.

A critical examination of the effects of the*capture and handling of
fish during marking experiments was carried out by Parker et al (1963).
They placed particular emphasis on the effects of injury and fatigue and

showed a significant correlation between high blood lactate levels and

death following hyperactivity; Associated mortality factors are a

reduction in oxygen tension and an increase in temperature of the water

in the holding tanks (Thorpe, 1974). During the course of the present
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investigation mortalities of captured fish tended to be greater during the
summer months.

It seems, therefore, that marking invariably causes some mortality,
and that the extent varies with the marking techniques, the species and
size of fish and the climatic conditions. At best only a very
approximate estimate of the degree of mortality due to marking can usually

be obtained.

Differences in‘Catchabilitx of Marked and

Unmarked Individuals
Mortalities due to marking do not necessarily occur immediately.

/
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