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Introduction

Determination of the total number of an animal
in a given space is of basic importance for the
analysis of various problems such as the population
dynamics of the animal, the effectiveness of
chemicals applied to animals in the field, the
injury caused by the animal, and so on. It is,
however, very difficult or practically impossible
in most cases to count up the complete number of
animals. So, the method for obtaining the
estimate of population size is required and many
literatures on the subject have been reported.
Mark-and-release method is the widely known one
for mobile animals (see e. g. Bailey, 1952), but
this can not be applied to the animal which can
not stand such a procedure owing to its weckness
in structure, rapidity in development, or other
TEasons, In such cases, the following method,
which has been developed chiefly in the field of
the population estimation of small mammals, will
be suitable (Moran, 1951 ; Zippin, 1956). This
is the method that when caught animals are
removed from the population the initial number

of animals will be estimated from the results of

a series of catches on the basis of the assumption
that the number of animals captured during unit
time is proportional to the number present, and
it was called “the removal method” by Zippin
(1956). Wada (1958) applied this method to
the spider mite feeding on the Japanese cedar.
Kono (1953) and Webster et al. (1954) presented
independently a similar method of estimating the
number of insects and ticks, which is based on
the assumption like the removal method, and it
will be called “the time unit collecting method”.

The writer attempted to estimate the number
of the larva of Culex pipiens pallens in a fertilizer
pit. In this paper, theoretical considerations
necessary for the estimation of the total number,
especially when several successive catches are
grouped, are given, and the relation between the
removal method and the time unit collecting
method is discussed, and finally, through the
results of the present investigation, it will be
reported that the removal method can be applied
to the estimation of the total number of mosquito
larvae in fertilizer pits.
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Theoretical considerations

Let us take a case in which the larvae of Culex
pipiens pallens in a fertilizer pit are collected by a
dipper. Now, assuming that the number of
larvae collected by one dipping is proportional to
the number of those yet to be dipped, the follow-
ing equation may be derived,

An ==a(S—Y 1) reeessresmesoreninniaee 1)
where 4. is the number of larvae collected by the
Yau-1 the accumulated number of

larvae collected till the (n—1)th dipping, § the

nth dipping,

initial number of larvae in the pit at the start of
This is the

equation used for the estimation of the number of

dipping, a a proportional constant.

small mammals, removing the trapped animals

from the population (Zippin, 1956 ; Tanaka, 1958).

T'rom equation (1),

As _ a(5~Yay)
Ana a(S—Ya2)
_ S—Y.2—Au
- S—Yn2
— S—Yo2—a(S—Yuz)
S—Ys2
e 2

It is, therefore, expected that the number of col-
lected larvae decreases in geometrical progression
in which the first term, A4, is aS and the common
ratio is 7—a. The sum of n terms of the pro-
gression is given by the following equation,

aS{1— (1—a)"}
T i-(1-a)

=S{1_(1_a)n}_ ........................... (3)

Y., =

Wada (1958) had already presented the above
conception, which was used for the estimation of
the total number of a spider mite, Paratetranychus

hondoensis, on a twig of the Japanese cedar.

Regarding one dipping used in the above equa-

tions as a unit catch and ¢ successive unit
catches as a super-unit catch, -then the number of
larvae to be obtained in the nth super-unit catch,
AC ¢ )n, will be

tn

AGn = X Aa

nemt(ne1) 4.1
=Yin— Y1)
=S{1—(1—a)"} —S{1—(1—a)/~}
={1—(1—a)}S(1—a) D
={1—(1—a)}(S—Yimn).

Let the accumulated number of larvae obtained

till the (n— 1)th super-unit catch be Y(#)n1, then

V() nammYignay «oeeeeeeereseenennensenenenens (4)
and accordingly,
At)e={1—-(1—-a)}(S—=Y(tDa1), --e=:- (5)

or in another form,

Ae={1-1—a)}S—{1 -1 —a)}Y(tDn1,

Equations (1) and (5) are isomorphic, The
assumption that the number of collected larvae is
proportional to the number of those yet to be
collected is applicable also in the case of super-
unit catch, where proportional constant is, how-
ever, not ¢ but 7—(1—a)".
From a comparison between equations (1) and
(5), it is easily obtained that
Ay, = (-

The same result may be arrived at in another

way as follows,

ADn _ {1—(1—a) RS — V(1)
A(t)na {1—-(1—a)} (5—Y(tdn2)
_ S_Yt’n-l)
T S—Yimn

S—Sf1—(1—a) 1}
S—S{1—(1—a)=D}

(1—a)ten
= (I1—-a),

This indicates that the number of larvae obtained

in a super-unit catch decreases in geometrical
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progression in which the first term, A(¢), is

t

A =2 A,
n=1
:Yt
=S{1--(1—a)},

and the common ratio is (7-—a);. Therefore,

the sum of n terms of the progression is

Yoy, = S=U—ay {i—(1—aymy
ST T—(l—a)

=_ S{l—(l—a)'“}, ..................... @8)

If a unit catch can be divided into u successive

sub-unit catches, namely the number of animals

obtained in the (z-+ I)th unit catch, 4..1, can be

u(n-1) 1 1
shown as % A(’u") », Wwhere A(ﬂ ):1 is that

n= un41

1
obtained in the nth sub-unit one, then A(:l—>un 1

may be represented as

1 1 } /
A(Ii)"w: 1-(1—a) v }(S—Y,). +ee-(9)
When u==1, equation (9) is

A(D)pr1=a(S—Ya).

This is identical with equation (1). A(I‘;) w1 /u—‘
is apparently the value which :shows the col-
lecting efficiency at the (un-+I1)th sub-unit catch.
When # is infinitely large, let the limiting value
dy.
dn

of this efficiency be - then

dn T ous o 1
i
1

- u-> cO 1
"

lim {1—(1—a)} (S—Y.)

vyo g
_lim {—(1—a)log(1—a)}(S—Ya)
=-—log(1 —a)(S—Ya), sroevreneennns {10

Thus the same equation as Kono (1953) and
Webster et al. (1954) proposed for the time unit
collecting method is obtained. Equation (10)
shows that the collecting efficiency, at the time n
from the start of collection, is proportional to the
number yet to be collected. Now, let the pro-

portional constant, --log(1--a), be p, then

dy, P cm Y ), wecvrcerceniotinaieniaiinns
= P(S—Yo), (1

where
p=--log(1—a),
or
a=1-—e"r.
From equation (11), the following may be

derived,

This is equivalent to equation (3).

The proportional constants, ¢ for the removal
method and p for the time wunit collecting one,
should not be confused with each other. While p is
the constant showing the instantaneous collecting
efficiency, a is by itself the 1ate of the larvac
collected in the unit catch to those yet to be col-
lected. Equations (1) to (8), which are set up
for the removal method, will be used in the
following description, on account of the reason
that the constant for the removal method has a

concrete meaning.

Application to the larva of Culex

pipiens pallens

Collections of mosquito larvae were made by a
dipper of 15 c¢m in diameter and 3 cm in depth
in a fertilizer pit of 2.2 m in diameter in the
suburbs of Nagasaki City in mid-July, 1960.
Dippings were carried on at a site of the highest
larval density in the pit. The dominant species
in it was Culex pipiens pallens and the fourth instar
larvae were found in about 85 per cent. Culex
vorax and Armigeres svbalbatus were concurrently
found but only in less than 0.05 per cent. On
the first and the second days ten super-unit
catches (a super-unit catch consists, on respective
day, of five and ten successive unit -catches)
were consecutively made in the same pit, where
a unit catch meant one dipping. These two
collections and the sum of the two will be named
Collection No. 1, No. 2 and No. 1-+2 respectively.

From equation (5) or (6) a linear regression
will be recognized between the number of larvae
obtained in the nth super-unit catch, A(¢)., and
the accumulated number of larvae till the (z-7)th

super-unit catch, Y (¢)a.1, and if the above is really
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Fig. 1 Relation between the number of larvae
obtained in the nth super-unit catch (A(#).)
and the accumulated number of larvae till
the (n-1)th super-unit catch (Y (#)a1).
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Remarks : (1)A super-unit catch consists of ¢

successive dippings, where ¢ is 5, 10
and 10 for collection No. 1, 2 and
1+2 respectively.

(2)As to the regression lines drawn in
the figure, see text and also Table 1.

done, then it will be expected that the estimate for
the collecting rate per super-unit catch will be given
by the absolute value of the inclination of the line
and the estimate for the initial number of larvae
will be given by Y (). intercept. The relation
between A(t)n and Y(¢).s is shown in Fig. 1 for

Collection No, 1, 2, and 1+2, where ¢ in No.
1 is five and in No. 2 ten, therefore in No, 1+2
ten are taken as ¢t Considerable deviations
in each point from the regression line may be
responsible to the alternation of workers during the
experiment. The linear regression is clearly seen in

all of the collections ; this may indicate that the

above stated assumption that the number of larvae
obtained in a super-unit catch is proportional to
the number of those yet to be collected is satisfied.
To fit the regression line of A(¢). on Y(#)ui,
Zippin(1956)’s weighted least squares method was
applied. Here the weight of each point is
inversely proportional to ($°-Y(#).1), where §° is
the Y (¢)n: intercept of the line drawn by eye as
a first approximation. From the regression
equations thus obtained, the estimates for the
initial number of larvae at the start of dipping,
S, and also the collecting rate in a unit catch,
namely one dipping, will be easily obtained from

equation (6). These results are shown in Table 1.

Table ] Regression equations of the number of larvae obtained by the nth super-unit catch

(A(t)e) on the accumulated number of those till the (n-7)th super-unit one

(Y (#)a1, ) with estimates for the total number of larvae (§) and

the collecting rate per unit catch (one dipping) (a)

Collection No. | t Regression equation _ Estimate for
B S \ a
1 51 A(5).=11,792 -0, 1043Y(5 a1 113,058 | 0.02180
2 10 | A(10).=6,026 - 0. 1070Y(10)n1 56,318 | 0.01124
1+2 10 | A(10).=20,443-0.1675Y(10)a.1| 122,048 | 0.01816
Remarks : (1) Regression equation is determined from the data shown in Fig . 1 by weighted

least squares method.

(2) The estimate for § is given as the value of Y (¢)a1 when A(#)a is zero and that
for a is obtained by letting the regression coefficient be -{7-(Z-a)t}.

(3) A super-unit catch consists of # successive unit catches.
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In Collection No. 1 ten super-unit catches were
made and a total of 75, 730 larvae was captured
and in No. 2 56,318 larvae were given as the
estimate for the total number on the next day in
the same fertilizer pit.  Accordingly the initial
number of larvae in the pit may be estimated at
the sum total of the above two figures; that is
132, 048.
are calculated at 113,058 and 122,048 from the

Other estimates for the initial number

results of Collections No, 1 and 1+2 respectively

as shown in Table 1. These three estimates are

similar with each other; this may justify that

the removal method can be applied for the
estimation of the number of mosquito larvae in
the fertilizer pit.

The method of weighted least squares can be
applied so long as there are three points of which
co-ordinates are Y (#)n.1 and A(¢).. Thus, estimates
for the total number were obtained from the result
of super-unit catches of the first three, four, and
so on, and finally ten in Collection No. 1 and No.

2 and fifteen in No. 1+2, and shown in Fig. 2.

Fig.2 Series of estimates for the total number of larvae (§).

An estimate is given as Y (¢).: intercept of the regression line by the method

of weighted least squares for each of the first three, four, ,

super-unit catches in Collection No. 1 and No. 2, and s

super-unit catches in Collection No. 1-+2.
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Remarks : (1) Solid and broken straight lines represent the estimate for § in Table 1 and

its =10 per cent values respectively.
(2) = means the impossibility in estimation owing to the positive inclination of

the regression line obtained.
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From the figure, it is indicated that the estimation
precision is not so good if the number of dippings
is small, though relatively better in Collection
No. 1+2. This may be due to the fact that
deviation in each point from the regression line
is considerable owing to such a reason as stated
ealier. Repeated experiments are required to
determine how many dippings are demanded for
the estimation for the total number within a
given limit of the error.

If the collecting rate in a nuit catch, @, can be

given, the total number, 5, will be estimated

without determining the regression equation. From

equation (5),
A
1—(1—a)t

and from equation (7),

S= SV ()t eeeeeenernresssesnsnnennnns(lf)

Y(tDa
1—-(1—a)t=,

(14) and (15)

e vl (15\

Both equations will give the

estimate for S.
Taking the estimate for ¢ in Table 1 as the
collecting rate in a unit catch, 'the variation was

examined for § obtained by

in the estimates

Fig. 3 Serics of estimates for the total number of larvae (§)

based on the data till n dippings from the start by applying the
estimate for a in Table 1 to equation (14) and (15).
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Remarks : (1) Black circles with broken lines and white circles with solid lines represent

the estimates for S by equation (14) and (15) respectively.

(2) Solid and broken straight lines represent the estimate for § in Table 1 and

its -+

10 per cent values respectively.
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the above two equations with the progress
in dipping and represented in Fig. 3. From
the figure, it is evident that the results obtained
by using equation (15) are higher in precision
than by equation (14). This may be a
matter of course, since equation (15) involves
only the accumulated number of larvae till
the definite dipping time, while equation (14)
does, in addition to the above number, the number
of larvae obtained in an individual super-unit
catch.  The figure also shows that the initial
population size of larvae in the pit can safely be
estimated from ten or twenty dippings by using
equation (15), if the collecting rate in a unit
catch is given. But the collecting rate is usually
unknown in advance, and as far as the situation
is so, the above procedure may have no value.
An approach to this subject will be the clarification
of the relation between the rate and the size of
the fertilizer pit, and this will be discussed later.
Discussions

Zippin (1956) stated in his paper "The removal
method assumes a stationary populating during the
trapping program and also that the probability of
capture during a given trapping is the same for
each animal and does not change from trapping
tol trapping.”  The assumption he set up in the
trapping of small mammals is considered to hold
in the case of dipping the mosquito larvae.

It can be safely said that the population of
mosquito larvae in the pit is quite stationary, and
the probability of capture is mnaturally the same
for individuals as far as the dipping of larvae is
confined to 50 or 100 times, owing to the reason
that the larvae are passively dipped.

However, it is a question whether the collecting
rate holds constant during the collection period.
The rate will be affected by the distribution pat-
tern of the larvae in the pit. The collecting rate
in one dipping will probably be higher in clumped
case than in less so. The larval density may also
be an affecting factor, though it is closely related
to the distribution pattern.  The distribution of
larvae of Culex pipiens pallens is generally not uni-

form but rather clumped, and with the progress

in dipping the larval density will usually become
lower and the distribution less clumped. [t is
therefore conceivable that the collecting rate will
become lower if the dipping is on progress.
Whether or not the fact that ¢ in Collection No. 1
is Jarger than in No. 2 as shown in Table 1 can
be attributable to the above reason is unknown
now, but it is the subject to be studied.

In addition to such factors as the distribution
pattern and the density of larvae, another factor
which may affect the collecting rate is the size
of the fertilizer pit.  This factor was not con-
sidered in this paper, since all collections were made
in the same fertilizer pit.  But it can easily be
considered that the collecting rate in a given
fertilizer pit will be higher than in a larger one
if there exists the same number of larvae in the
two pits of different size. ~ The relation between
the collecting rate and the size of the pit is also

remained to be made clear.

Summary
“The removal method” has been known as a
method for determination of the total number of
an animal in a given space. This is based on
the assumption that the number of animals
captured during unit time is proportional to the
number of those yet to be captured.  Assuming
the above and taking that a unit catch represents
one dipping and a super-unit catch consists of a
certain number of unit catches, the following
equations will be given,
A(t)n={1--(1—=a)}(S—-Y(t 1),

where A(t). is the number of the larvae captured in
the ath super-unit catch, Y (#)a.1 the accumulated
number of those captured till the (n—21)th one,
§ the initial number of larvae in a given space at
the start of collection, a a proportional constant ;
a super-unit catch consists of ¢ successive unit
catches.

The writer attempted to estimate the total
number of larvae of Culex pipiens pallens in a
fertilizer pit by the removal method. Collections
of mosquito larvae were made by a dipper of 15
cm in diameter and 3 cm in depth in a pit of 2.2

m in diameter in the suburbs of Nagasaki City in
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mid-July, 1960.
sites of the highest larval density in the pit. On

Dippings were carried out at

the consecutive two days ten super-unit catches
consisting cach of five and ten successive unit
catches were made. These two collections and the
sum of the two will be named Collection No, I,
No. 2 and No. 142 respectively.

The results of experiments showed that a linear
regression holds clearly between A(¢). and Y(#)a
as expected from the form of the equation. The
regression equation obtained by Zippin (1936)'s
weighted least squares method for each of three
collections are as shown in Table 1.

The initial number of larvae in the fertilizer

pit is estimated at 113,058 and 122,048 in
Collection No. 1 and No. 142 respectively.
Another estimate for the initial number is obtained
by adding up the total number of larvae captured
in Collection No. 1, 75,730, to the estimate for
the total number in No. 2, 56,318; that is 132,048.
These three estimates are nearly similar with each
other ; this may justify that the removal method
can be applied for the estimation of the total
number of mosquito larvae in the fertilizer pit.
Further studies are, however, necessary to
determine how many dippings are required for
estimating the total number within a given limit

of the error.

Literatures

1) Bailey, N. T. J. : Improvements in the
interrelation of recapture data. J. Anim. Ecol,
21 : 120-127, 1952

2) Glasgow, J. P. : The extermination of ani-
mal populations by artificial predation and the
estimation of populations. J. Anim. Ecol, 22 :
32-46, 1953.

3) Komno, T. :

population by time unit collecting. Researches on

On the estimation of insect

population ecology, 2 : 85-94, 1953. (In Japanese
with English summary).

4) Moran, P. A P. :
of animal trapping.

1951.
§) Morris, R. F. : Population studies on some

A mathematical theory

Biometrika, 38: 307-311,

small forest mammals in eastern Canada. J.
Mammal.,, 36 : 21-35, 1955.

6) Tanaka, R. : Theories and practical uses of

%ﬂ
{1

a census method of small mammal populations.
Hoppo-Ringyo, No. 115 : 1-5, 1958. (In Japanese).
7) Tanaka, R. : A field study of effect of trap
spacing upon estimates of ranges and populations
in small mammals by means of a latin square
arrangement of quadrats. Bull. Kochi Wom.
Univ,, 9 : 8-16, 1961.

8) Wada, Y.:

estimation of a

On a method of population
spider mite, Paratetranychus

hondoensis EHARA, feeding on the Japanese cedar

by the aid of ‘beating”. ]J. Jap. For. Soc., 40 :

288-292, 1958. (In

summary).

9) Webster, A. P. & DeCoursey, J. D. : The

Ent Soc. Amer.,

Japanese with English

catch curve of insects. Ann.
47 : 178-189, 1954.
10) Zippin, C, :

method of estimating animal populations. Bio-

An evaluation of the removal

metrics, 12 : 163-189, 1956.

&

3 MENOBMBAENT T A HIED LD BEE s b5, ZNRBEAREICILES
N5 B F ORI - TR A EBYEBICHHT 5 LS EERYDS DT, RATHRIEE

nbd.
ACO={ 1-(1-a) }(S-Y(t)n1)

T Ty AWWRBAEREL (T2 0EF LD T LEE LcEG o%nkl H OREL,
YOt ZEREIC LS 0HG-DIH % T OREH O, aBBAREIC X - THREI NS T



30 Yoshito WADA

YoEs, SRRMEEETHS.

19604 7 I rbf), &R O B2 2mO/KILEIC 8T, EHZELSem, K 3cmOWHT,
BHE PP BEE-DLNLTP ST D EW D FETREERLT /. 1 OWFIREE B
AIREE LT, RTRIONISETHE LD TI0M, S50E 0FMEETTEY (Br4ENo. 1),
BHE U ARETIoN > % & T10A, At 1008 O RESR T8 -7 E No. 2). &7
No.1l & No.2 A—FHicLblk > TdKat L (BRENel+2). 8, T OKIEHE DL
WHAFRAETRTTHA T HTH - 72,

ALK O Y(Oum W EICE ¢, BoncEE 7y b, 8% No.l, 250142
DOENBHLTS, FIRH,SHHEIND L5 CEGER D 51, EOREMIEEN T
BT ENDI T, £CTEADEORNTEEIC XD KD BRI D O B EKE O HEE &
T8 7z, B No. 1 KU No. 142 5 5 ot @Mz 2 h £ 118,088 122,048 T H
SFz. FIoEAE Noo 1 OFEEREE No.o 2 20 OHEEBMKEDOAEHE132,048TH » 7.
CRNS3ODMBMING XU TYRS T &R, TOJHAC KL - TRIEE OB R ORIk
AR TDHCENAETHITEETTODOEE 2 OGNS, L LEDS, $5 52 o0k
B CRMAROEHERE 3 3 103 ME O3 WD BBBETH D0 L0 RO TRAROWFE
WCREB o,

Received for publication February, 1962



