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A quick method for estimating egg density in sample bottle
from fishery stock survey

Masatoshi Hasecawa!?, Toshihide Kitakapo?, Shigehide IwaTa® and Eiji TANAKA®

A rapid assessment of surveys of egg production of a fishery stock, such as the Japanese anchovies Engraulis ja-
ponicus or Japanese sardines Sardinops melanostictus, is one of the information necessary for predicting of the daily
catch in the local whitebait fishery. We proposed a sequential combined method that consists the method of Most
Probable Number (MPN) and a direct-count in order to reduce the time required to obtain unbiased estimate of the
egg densities of the samples. In the method, the mean of egg density is estimated by the MPN if the density is low,
but is done by a combination of the MPN and the direct-count if it is high. Effectiveness of the method was evalu-
ated by simulation using the survey data of the Japanese anchovy in Suruga Bay. The results showed that the method
provides good estimates of the true mean saving the time. We discussed about the application of this method.

Key words: egg production survey, most probable number, direct-count, maximum likelihood estimation, quick as-

sessment

Introduction
In Japan, surveys of egg production in a fishery stock, such
as the Japanese anchovies Engraulis japonicus or Japanese
sardines Sardinops melanostictus, are carried out by towing
a plankton net at various sampling points; this is done in
order to estimate the abundance of spawning stock (Kuroda,
1991; Oozeki, 2010; Watanabe et al., 1996; Zenitani and
Kimura, 1997), to forecast the number of recruits (Kuroda,
1991), and to predict the catch for the whitebait fishery
(Yasue et al., 2006). To predict the catch amount, a rapid
assessment of egg production is one of the necessary infor-
mation as well as the environmental factor because daily
information on the abundance of whitebait is used to make
a decision of operation in fishing ground and to prepare the
amount of man power for processing the landed whitebait.
However, a “direct-count” of the whole number of eggs and
larvae (below paragraphs, referred as “eggs”) in raw sample
consumes a great deal of time, and it is essential for quick
estimation of the mean of the egg density to develop a
rapid measurement of the egg densities in many samples.
One way to quickly estimate the mean of egg density is
to apply the method of the Most Probable Number (MPN)
(McCrady, 1915; Oblinger and Koburger, 1975; Salama et
al., 1978), because this method requires the only informa-
tion on the presence or absence of eggs in each sub sample
that is a part of raw sample, and so is faster than perform-
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ing a direct-count. In the MPN, the frequency of number
of eggs in a sample is expressed by the Poisson distribution
with mean, say ux, and the value of u is estimated by the
Maximum Likelihood Estimation using the binomial distri-
bution with the probability of the presence (1—e*).
However, the MPN has the two problems. First, the in-
verse transformation of expectation of a variable transfor-
mation of random variable is not necessarily consistent with
the expectation of the random variable. In the MPN, the
parameter y is transformed (f(u)=e *) from the assumption
of the Poisson distribution and the likelihood is derived us-
ing the binominal distribution. Since the parameter u is es-
timated by inverse transformation to the end, then the same
problem occurs. The reason is because the variance that
remains in the second-order terms in the Taylor expansion
at x=u of f(x) is the bias. In the MPN, because size of sam-
ple is small, the bias becomes remarkable (Haas, 1989). In
order to correct for this bias, Salama et al. (1978) proposed
an effective bias-corrected expression, derived from the Tay-
lor expansion of the logarithm of the likelihood function.
After the proposal of Salama et al. (1978), Salama correc-
tion expression have been adopted in the MPN table by
Haas (1989), and was incorporated into the computer pro-
gram of the MPN by Klee (1993). The other study of bias
correction has the following cases. In the case of a larger
variance than the Poisson distribution, Haas (1989) consid-
ered the application of the negative binomial distribution
and the EDj, estimation method. To reduce bias, Beliaeff
and Mary (1993) have applied the binomial distribution, in-
stead of the Poisson distribution to the distribution of the
eggs. Garthright (1993) corrected the bias in logarithm of
MPN estimate by using the idea of Salama et al. (1978).
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Second, the MPN will fail to obtain a significant esti-
mate if the sample densities are so high; for example, if all
of the samples include one or more eggs, then the expecta-
tion of the density is infinite. In such high densities, there-
fore, it is not appropriate to depend directly on the MPN,
and some modification is necessary.

In this paper, we propose a sequential method that com-
bines the MPN with a direct-count. In the method, the
mean of egg density is estimated by the MPN if the den-
sity is low, but is done by a combination of the MPN and
the direct-count if it is high. The bias is corrected by the
Salama expression (Salama et al., 1978) for the MPN and
the new expressions for the others. Effectiveness of the
method was evaluated by simulation using survey data of
the Japanese anchovy in Suruga Bay in order to examine
performances of the method, such as the extent of bias re-
duction and time saved. We will also discussed applications
and suggest further modifications.

Materials and Methods
The Method of the Most Probable Number
We consider estimation of egg density in a “raw sample”
bottle filled on board. We made some “sub-samples” of dif-
ferent volume levels using the raw sample, and counted the
number of eggs in the sub-samples. The volume levels con-
sist of unit one, say v, (m/), and multiple units (v,<v;<--:
<v,, i is ascending order about v;). For each level a certain
sub-samples are made, for example three sample bottles for
each level.

We expect that the number of eggs per unit volume

(eggs/m/) in the raw sample is a random variable of the
Poisson distribution with expectation u. Let m and w; (w,=v,/
vi=1<w,=v, /v, <---<w_=v,/v,, i is ascending order about
w,) be the number of volume levels and the ratio of the
volume in i(i=1, 2, *-*, m)th volume level to the volume in
the unit one sample (7=1), respectively. Let &V, and », be the
number of observations in the ith volume level and the
number of samples that contain one or more eggs in the ith
volume level, respectively. Note that the value of w, can be
set to an arbitrary level. We showed the above-mentioned
procedure in Fig. 1 as a schematic diagram.

The probability that a sub-sample includes one or more
eggs is 1—e ™# (Salama et al., 1978), and n, follows the
binomial distribution. The likelihood to be maximized is

L(,u‘N,n,w) =ﬁ NfC", (1_6_‘”‘/‘ )”i e—(N;_ni)w,/‘ (1)
i=1

And the Maximum Likelihood Estimate (MLE) of u, de-
noted by £, satisfies (Salama et al., 1978)

ZI_W=ZNW @)

The bias-corrected MLE (Seber, 1982; Haas, 1989), say
fes 1
A=ib 3)
where the bias (Salama et al., 1978), say b, is
1< azl& — Wil Wil
P=3 2507, MmN )

i=1
n;

Volume 200ml
i

Raw sample

L

Sub samples /\\‘

2
Volume levels  Unit one(i=1)

(m=3) v,=1ml
w,=1(=v,/V,)
N,=3 n,=1

Figure 1.
Open circle near the pipette expresses an egg.

Multiple unit(i=2)

! 2

o
Multiple unit(i=3)

V2:5m| V3=1 Oml
W,=5(=v,/v,) w,=10 (=v,iv,)
N,=3 n,=1 N,=3 n,=2

Schematic diagram of the sample example in the MPN in a case of m=3 and N,=3. See text for notation.
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where
06.? Z_FX cosh(w;f1)—1
i lg=n, it
1 Fi2 Iy Wy smh( )
DWW (4b)
26 J=l1 (cosh(wj,u) 1)2
Wi
F=1——a (4¢)

=] 2(cosh(w ,u) 1) 49

Value of 4 is numerically computed by such optimization
methods as the Newton one.
Sequential Combined Method
The flowchart for our Sequential Combined Method (SCM)
is presented in Fig. 2, as an example for m=3 and
N=3(i=1, 2, 3), that is adopted in the paper.

In the flowchart, either (state of presence/absence of egg)

or (number of eggs) in the all sub sample are measured in
the order from the minimum volume level to the maximum.
To reduce the bias in estimate and save the time consump-
tion, for the first two sub samples from the same volume
(state of presence/absence) are measured. If the both are in
(presence), (number of eggs) in the third sample are mea-
sured. If the third contain egg and more, the rest of sequen-
tial sub samples (number of eggs) are measured because
densities in the sub samples will be high. When the states
of the first two sub samples are different, for the third sam-
ple (state of presence/absence) is observed. In the next vol-
ume the same procedure is applied (See Fig. 2 for details).

As the results there are the four cases of measurement
combination in the Fig. 2. Whereas the Case 4 uses the
MPN for the all sub samples, in Case 1 the direct-count is
applied to seven in the nine samples (excepting the first
two samples). For Cases 1-4 the data sets of (state of pres-
ence/absence) or (number of eggs) is tabulated in Table 1.

Based on the data sets for Cases 1-4, the following like-
lihood to be maximized

Observation of two
samples of unit volume

Direct Count of
3rd sample of
unit volume

O @ X
Direct Count of
2nd and 3rd

volume sample
(Casel)

Direct Count of
3rd sample of 2nd
volume

End
O X

Direct Count of
3rd volume
sample (Case2)

One or more
eggs in each
sample?

Exist egg of 3rd
sample of unit
volume

,_I

samples of 2nd volume

Observation of two

End Direct Count of 3rd

sample of 3rd

volume(Case3)

End

Exist egg of 3rd
sample of 2nd
volume

One or more
eggs in each
sample?

Observation of two
samples of 3rd volume

One or more
eggs in each
sample?

Exist egg of 3rd
sample of 3rd
volume(Case4)

End

Figure 2. Flowchart of a Sequential Combined Method in a case of m=3 and N,=3. Push forward a process from a
start terminal towards a bottom. Rectangle shows the process. By the judgment of the rhombus, you choose in

yes (O) or no (X). You finally choose case 1-4.
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Table 1. The data sets of (state of presence/absence) or (number of eggs) for each cases.
Unit volume 2nd volume 3rd volume
Case

Samplel 2 3 1 2 3 1 2 3

1 P P C C C C C C C
n X3 X1 X202 X3 X310 X302 X33

2 P/A P/A P/A P P C C C C
n n, X3 X3 X3 X33

3 P/A P/A P/A P/A P/A P/A P P C
n n, ny X33
4 P/A P/A P/A P/A P/A P/A P/A P/A P/A

n ny "

P/A: state of presence/absence.

P: state of presence.

C: number of eggs.

n;: the number of samples that contain one or more eggs.

x;;: the number of eggs counted in j-th sample of i-th volume level.

L(,u‘N,n,w,x)
B( )xP(xls‘wlu)
xiljlz}illP(x’» 2 ) (Casel) (5a)

B(n1 ‘Nl,wl,u)XB(

)

><P(x23 ‘w3y)>< H P(x3j ‘w3,u)

)

(Case2) (5b)

1B ([N, ae) % B(2

)

XP (x33\w3,u)

8w,

B(n|N, 11)=,C,(1—e #y'e” ¥ s
p(x\ﬂ)zﬂx;;e_ﬂ

where x;; is the number of eggs counted in j-th sample of
i-th volume level.

The MLE of u, denoted by g, satisfies (See expression
(2) for Case 4)

(Case3) (5¢)

3

(Cased) (5d)
(6)
(7

(Casel) (8a)

(Case2) (8b)

(Case3) (8c)

The expressions for the bias-corrected estimate for each
case are presented in Table 2.

Simulation for survey of Japanese anchovy egg production
in Suruga Bay

We evaluated estimates from several methods by conduct-
ing a simulation (using the R language). The bias-corrected
SCM (be-SCM) was compared with the MPN, the MPN
with the Salama correction, a direct-count, Case 3, and the
SCM without the bias correction.

In the anchovy eggs production survey in Suruga Bay
(Washiyama et al., 2014), a 200 m/ bottle was usually ad-
opted and the whole number of eggs was counted in the
past surveys. The most of the mean density (98% of the
whole) ranged from 0 (eggs/m/) to 1.0. We change a pa-
rameter u as follows (©=0.01 and 0.05-1.00 at intervals of
0.05).

The performance statistics for comparing efficiency are
1) point estimate, 2) mean square error (MSE) of the esti-
mate, and 3) the mean of observation volume for an index
of time consumption. The procedure of the simulation of
the SCM is summarized in the below paragraphs, as an
example of m=3 and N,=3.

One set of computation consists of the following four
steps:

(1) Generation of data of the number of eggs

Using the value of y, artificial data of the nine Poisson
random number (x;) are generated.

(2) Data conversion

In each volume level, the number of samples with one or
more eggs is counted.
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Table 2.

The expressions for the bias-corrected estimate for each case.

V(ﬁ,- or X, ;

V(n,): the variance of the binominal distribution (the MPN)
V(&,)): the variance of the Poisson distribution (the sirect-count)

%
Case F; G 89,2 N
33
w; ) | P2 5 . . 4[x1’3+22xi’j]
i=1 — Wi i Wi i mw; smh(w,,u) i=2 j=1
I—e™ X~ t 5 X >+ =
3 3 G*  cosh(wi)-1 2 G (cosh(wl,&)—l) u
mst X
Casel mw; ;; !
2 (COSh (Wllu) 1) 1&2 3 3
1 4f x;,+ X
=28 F, y 2 1 F*  mwisinh(wa) N [ " ;; "1]
H - ot p
G @26 (cosh(wl,&)—l)2 i@
3
4| xy5+ ) x5,
=12 7 Wiw;: i w L F? & npwjsinh (w;) 4 [ - /Z:I: 3,,J
i —e - T 7 AN 4 T4 ~
3 G* cosh(wi)-1 26 4 (cosh(wj,&)—l)2 @
) x2’3+2x3’j
Case2 J=l
; 2 (cosh (w ) —l) [ ;
4 X34+ ) x5
i=3-6 iA E x 2 1 F2 x 3 anJZ'Sinh(Wj'&) + [ > ; 3’1]
[ - > -
G* i Fxa j=1 (cosh(wj,[c)—l)2 Z
W, F w? 1 F? & nywisinh(wi) 4x,
123 1_ -wa _G2>< h ~ _1+?G3 N 2 ~3
. cosh (w;/2) = (cosh(wj,u)—l) u
i 2 n X33
Case3 = 2(c0sh (w n-0 2
1 F 2 1F < njwf.sinh(wj,&) 4x, 4
i=4 ~ T G2 X +E G x 2 ~3
# # = (cosh(wj[t)—l) M
W w? F, w? 3 njwf.sinh(wj,&)
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3
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3
m =2 sen(x,) ©)
=

Here sgn (x) is the sign function expressed by

sgn(x)={é E;C:g; (10)

(3) Case identification
Using n,, the Cases are identified due to the flowchart in
Fig. 2:

Case 1 (n,=3),

Case 2 (n,#3 and n,=3),

Case 3 (n,#3, n,#3 and n;=3),
Case 4 (elsewhere)

(4) Estimation of u

The value of i is estimated using expressions (2) and (8a)—
(8c).

The set from (1) to (4) was iterated 100,000 times.

The other simulations were conducted to estimate the
mean of the observation volume. Due to the mathematical
relation between the Poisson distribution and the waiting
time (Yamada and Kitada, 1999), the measured volume in
observation of presence/absence, say y,;, was calculated by
the following exponential distribution:

f(yi,j)zﬂ €xp (_ﬂxyi,j) (0<yij<oo) (11)

Generating nine exponential random number (y,;), the
Cases were identified by the number of sample with one or
more eggs, calculated by the following expression:

3

%:Z%MMﬂm) (12)
The volume say V,, is expressed by

|y, (presence/absence) (13a)

i w;v  (direct-count) (13b)

The performance statistics were calculated from 100,000

estimates of # and V;, as follows:

100,0
i 7 14
= 100,000 ;” 1
100,000
MSE 15
~ 100,000 ; 1

- 3 3
V= 100,000 ZZ ok (16)

§ g 7 ///—_-\\\
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Figure 3. Relationship between the true value (1) of egg density
and the differences (2 —) between the estimate and true value
of egg density by simulation. The method were the MPN, the
MPN with the Salama correction, a direct-count, Case 3, the
SCM, and the bc-SCM. The conditions of simulation are as
follows. The number of simulations was 100,000. x were 0.01
and 0.05-1.00 at interval of 0.05. The number of volume
levels (m) was 3. The number of observations in each volume
level (N,) was 3. Volume of unit one was 1 m/ (v,). Volumes
of Multiple units were 5 m/ (v,) and 10 m/ (v).

wn
~
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IS ---- Case3
o —— The.SCM
— The.bc.SCM
wn
o
11}
(2]
=
=4
=]
wn
o 4
o
o
o 4
o

0.0 02 04 06 0.8 1.0

True value(eggs/unit volume)

Figure 4. Relationship between the true value (1) of egg density
and the mean square error (MSE) by simulation. The methods
were the MPN, the MPN with the Salama correction, a direct-
count, Case 3, the SCM, and the b¢c-SCM. The conditions of
simulation are as follows. The conditions of simulation are as
follows. The number of simulations was 100,000. x« were 0.01
and 0.05-1.00 at interval of 0.05. The number of volume
levels (m) was 3. The number of observations in each volume
level (V) was 3. Volume of unit one was 1 m/ (v,). Volumes
of Multiple units were 5 m/ (v,) and 10 m/ (v5).
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Figure 5. Histogram of the MPN estimate value. True values (1) were 0.01 and 0.05-0.50 at intervals of 0.05. The fre-
quency distribution of the estimate value of u were provided as a result of 100,000 times of simulation against a truth
value. Solid circles represent the true value. Dotted lines represent the average of estimate value of x. The conditions
of simulation are as follows. The number of volume levels (m) was 3. The number of observations in each volume
level (V;) was 3. Volume of unit one was 1 m/ (v,). Volumes of Multiple units were 5 m/ (v,) and 10 m/ (v).
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Figure 6. Histogram of the estimate value for Case3. True values (1) were 0.01 and 0.05-0.50 at intervals of 0.05. The
frequency distribution of the estimate value of x4 were provided as a result of 100,000 times of simulation against a
truth value. Solid circles represent the true value. Dotted lines represent the average of estimate value of u. The condi-
tions of simulation are as follows. The number of volume levels (m) was 3. The number of observations in each
volume level (V;) was 3. Volume of unit one was 1 m/ (v,). Volumes of Multiple units were 5 m/ (v,) and 10 m/ (v;).
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Results

Simulation for survey of Japanese anchovy egg production
in Suruga Bay

Fig. 3 compares 2 —u with 4 from the results of the simula-
tions. The figure showed that 1) the curve of the MPN
estimate against the true is upwardly convex and the abso-
lute extent of positive bias at true=0.45 are 0.12, the nega-
tive bias at true 1.0 is 0.11, 2) the absolute extent of nega-
tive bias in the MPN with the Salama correction is over
40% at 1.0 although the extent is almost zero within the
range that true is less than 0.25, 3) with case 3, the positive
bias slightly exists, and 4) the extent of bias in the other
methods is negligible.

Fig. 4 illustrates the mean square error for the methods.
In the figure, 1) the MSE of the MPN is high to true=0.7,
and in more than true=0.75 the MPN with the Salama cor-
rection is the highest, 2) the MSE of Case3 is high next to
the MPN and the MPN with the Salama correction, and 3)
the MSE in the other methods are low with an about the
same value.

Fig. 5 and 6 show the frequency of the estimates of the
MPN and Case 3 as an example in the SCM, respectively.
Comparing the two figures, both shapes of the frequencies
within 4<0.2 are similar to each other and seemed to be
continuous. In 1>0.2, however, the distribution of the esti-
mates in the MPN is discontinuous although the distribu-
tion in Case 3 is smooth one around u.

Fig. 7 shows the expectation of the total observation vol-

[=--=- The MPN
60

The bc-SCM Direct—countl

50 -

40 - \
\

30 F N

20 - T~

S~

10 - -

Observation volume(ml)

0 | | |

0 01 02 03 04 05 06 0.7 08 09 1
True value(eggs/unit volume)

Figure 7. Relationship between the true value (1) of egg den-
sity and the observation volume by simulation. Thick solid
lines represent the be-SCM. Solid lines represent a direct-
count. Two-dot chain lines represent the MPN. The condi-
tions of simulation are as follows. The number of simulations
was 100,000. x were 0.01 and 0.05-1.00 at interval of 0.05.
The number of volume levels (m) was 3. The number of
observations in each volume level (,) was 3. Volume of unit
one was 1 m/ (v,). Volumes of Multiple units were 5 m/ (v,)
and 10 m/ (v;).

ume for the MPN, the bc-SCM, and a direct-count. The
averaged volume in the bc-SCM over 0.01<u<1 was less
than 80% of the volume in the direct-count and means that
20% and more of the expected time of observation is saved.

Discussion

The combination of measurement (P/A or direct-count) in
the SCM and bc-SCM was classified into Cases 1-4 (Fig.
2). Although some bias existed in the point estimate of the
MLE in Cases 3 and 4 in the results of simulations, the bias
was corrected by the new and past expressions for bias
correction. Therefore the bias in the be-SCM will be neg-
ligible. Although Fig. 3 showed that the extent of bias in
the SCM and be-SCM is equal, be-SCM should be used for
reasons of the bias existing in Cases 3 and 4.

The be-SCM is expected to quickly give the unbiased
estimate. Fig. 3 showed good performance of expectation
of the estimates from the bc-SCM. The volume necessary
for the bc-SCM and the SCM was the only 17-24% of the
total volume (200 m/) counted by a direct-count. The Shi-
zuoka Prefectural Research Institute of Fisheries carries out
egg production surveys for 26 stations each month. The
time necessary for counting the eggs and larvae of the
Japanese anchovy of the 26 samples by the be-SCM is em-
pirically less than nineteen hour-person and this will suf-
ficiently enable us to realize an effective catch prediction
of the whitebait fishery based on the quick assessment.

Although the simulations in the paper were based on the
only information of the distribution of density of anchovy
eggs in Suruga Bay, the results of the simulation can be
applied to various densities by adjusting the size of the
minimum volume of the unit sub-sample. For an example,
if the expectation of egg density is greater than the range
covered in the simulation, the results will be effective by
reducing the size of the minimum volume to the level of
the expectation covered by the simulations, or by diluting
the sample.

In addition the simulations will suggest an appropriate
size of the minimum volume of the sub-sample. Fig. 7
showed that the observation volume in the be-SCM was
small when the true value is in the range from 0.15 to 0.3
and therefore the minimum volume having the expectation
of 0.15-0.3 is recommended as an appropriate volume.

The paper gives a general idea for the quick assessment.
The simulation study was conducted for a candidate in the
minimum sets of the sub-samples, where (m, N,)=(3, 3) is
adopted in the past studies of the MPN (Oblinger and Ko-
burger, 1975). However, the case (m, N,) can be set to an
arbitrary level. Based on the given condition of survey
scale and number of staffs, someone may develop more
appropriate combination of the volume and the number of
the sub-sample or the decision rule of shift from (P/A) to
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direct-count using the simulation studies.

In the actual survey the samples of egg density were
collected from various sampling stations for estimating the
average of egg density in the whole survey areas, and the
efficient estimate may be obtained changing the (m, N,) in
station. In such cases the optimum (m, ;) in station will
be determined using the prior information on egg density.

The bc-SCM will be applied to density estimation of
other fields, of which the conditions is the sequential mea-
surement, the variable quadrat (ex. volume, quadrat) in the
measurement and the countable number.
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