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A Statistical study of fish population dynamics
using maximum likelihood method
—Parameter estimation and model selection—

Kazuhiko HIRAMATSU*

Abstract

The data used in the fish population dynamics are often subject to considerable stochastic
variations and measurement errors. It is necessary to use sound statistical techniqus in the analysis
of data. Although the linear least square method (linear regression) has been used in the estimation
procedure, there are some disadvantages such as necessity of linearlization and underlying assump-
tion of normal distribution. Recently, there is increasing interest in the maximum likelihood method.
However, the application of maximum likelihood method for fisheries science is still limited and the
advantages of this method are not well known.

In this paper, the estimation of stock-recruitment relationship, the determination of the mesh
selectivity curve, the estimation of mortality rates from tag recoveries, and the DeLury method of
estimating population abundance are studied using the maximum likelihood method. The advan-
tages of maximum likelihood parameter estimation and model selection are shown through above

examples. The traditional approaches are also discussed.
1. Outlines of maximum likelihood method

Maximum likelihood parameter estimates can be found by maximizing the likelihood func-
tion which is derived from the probability (or probability density) function. In this paper, model
parameters are estimated using the simplex search method. AIC (Akaike Information Criterion) is
used for selecting an optimal model. The model with minimum AIC is the most likely model. The
precision of parameter estimates can be evaluated by the Fisher infomation matrix.

The probability distributions commonly used in the likelihood function are the binomial
distribution, the multinomial distribution, and the normal distribution. In this paper, I introduce

the normal approximation of binomial and multinomial distribution, and their distributions with
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overdispersion parameter o?.
The statistical characteres of the maximum likelihood estimator are consistency, asymptotic
efficiency, and asymptotic unbiasedness. When errors are normally distributed, maximum likeli-

hood and least square procedures are equivalent.
2. Estimation of stock-recruitment relationship

The stock-recruitment relationships considered in this paper are the Beverton-Holt curve, the
Ricker curve, and no relation. As an stochastic model, I consider the model normally and log-
normally distributed around the theoretical curves, as well as the model based on the simple linear
regression.

I apply these models to pink salmon and chum salmon. The results indicate that the trans-
fomation of equation for calculation varies the stochastic model and the parameter estimates. These
examples also demonstrate that the models based on the simple linear regression are not always the

optimal model.
3. Determination of the mesh selectivity curve

In the estimation of the mesh selectivity curve from covered-net experiment data, the sample
sizes of fish vary in the fish length. This makes it difficult to make a sound estimation. I develop
a maximum likelihood procedure for fitting binomially distributed data which explicitly take these
concerns into account.

The mesh selectivity curve is estimated from the covered-net experiment data of sole. The
sigmoid curve and the extended sigmoid curve are fitted as the mesh selectivity curve.

The hypothesis that a selectivity curve is a function of fish length and mesh size is studied

based on the model comparison using AIC.
4. Estimation of mortality rates from tag recoveries

The log-linear model and the multinomial model have been used in the estimation of
mortality rates from tag recoveries. In this paper, I consider new models such as the normal
distribution, the multinomial distribution, the normal approximation of multinomial distribution
(generalized, generalized with o?, weighted, and weighted with ¢?), as well as traditional two
models. The model ignoring the natural mortality is also discussed.

I apply these models to prawn, red seabream, and swimming crab. The comparison between
traditional two models which has not been done is possible using AIC. Since the optimal model
varies in examples, it is desirable to consider several models and compare them.

The presence of overdispersion parameter ¢* may have a significant impact on parameter

estimates.
5. DeLury method of estimating population abundance

DeLury’s first and second model, and binomial model have been used in the DeLury method

of estimating population abundance. I consider new models such as the normal approximation of



BREEIC & 5 REZROMFIINITE 59

binomial distribution (with ¢?), the normal approximation of multinomial distribution (with ¢?), the
normal distribution, as well as traditional three models. The model introduced the natural mortality
coefficient is also discussed.

I apply these models to the catch and effort data from Japanese common goby and blue crab.
As in tag recoveries, the optimal model varies in examples. In general, DeLury’s first model and
second model are relatively appropriate. On the other hand, since the binomial distribution model

may underestimate the standard errors, caution should be needed for using this model.
6. Discussion

The advantages of the maximum likelihood method are that this approach explicitly takes
the nature of the data into consideration, the modeling is quite flexible, and AIC can be used as a
guide to the relative merit of various models.

The disadvantages of this method are difficulty in calculation, the possibility of using an
inappropriate model, and biases of maximum likelihood estimators in finite sample sizes.

In the earlier times, simple models and crude approximations were absolutely essential and
much effort was required to solve the equation. The widespread application of the maximum
likelihood method and availability of high-speed computers make it possible to use more realistic

model.
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aNd, I T2HEDM - ZESMOTEHEBASHICESRKIESDEDREEIDNSFTA—F 25 HAL
T, RDEIBETFTNEEZLIENTES, 2HEMFIIHLTIE (2.19) REkD

1 exp { (Y =N D)2
(2zNP(L—DP)o?) 2 *P 17N D(1-D)o?

HZESIHLTIE (2.22) K&

f(Y)=

b (2.26)
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1
2aNe?)" V2 {TIP;(1-2Py}
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b, EVELEVIEORITIEIINSDET L LEDNS,

f(Y)= (2.28)

ATV EPo728, UTO 2005 HREETHL2DTHEITTE L,

(NXRT Y »5F
SEHuDRT Y VA HIZIRDOARTEDLEN S,

P (V) =41 exp(—p). (2.29)

YOSGRITFHEFEL S pllh 2, KT Y YHAEFBERNE I DI WIFE, Thbb Y 2VNEWLIFEIC
fFbh s,

(8&a D 2 Hh
Py, 38 p+p?/ kOAED 2HESMIZRDO L H127% 5,

_(k+y-—1)! k o ,
V=D ke " Sk (2.30)

KIZSHOKRESEEDLTNTIRA—ITH2, AD2ESMEIRT Y ULV IESDENKEVIBE
LN L, BIO LD ICHEMT Y T AT R, BPHICAMLTOS b 02RET S I ENTE 3,

P(y)

I-3 \EFEO—MHWLME
[I-3-1 RAMETENHE

RAHEEOMAENZEE E LTI, ROk 2 eafohTns (A, 1988),
O—FHM: F> TN H A4 XHKEL LD LEDBEICNET 2,

OLEERME © F> TAH A XHKREL 2D L MRIBEEED R H THRBR/NE % 3,
QULEARRME : H >IN A ANKEL BD LR MNRL LD,

ZDEIBRWENS, HERL L TREHEENEILREENTVE, O~Q@H > FL¥4 X8
REVWEEOHETHY, NEWFERMENRECE 2D 2, HlziE, EROY > 7144 XT
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R= 1(1'_}[‘3313 B i)

TEDbLEND, 22 TakBRMED/ T A= TH 5, CORDEBMIENKEL R SE L, RYla/BIC
HHET 52 8 ThHD, RickerBIFAEERMRIE
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B2 DR
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wWhbe, (1=1,..., n) BEECMIZ, LI ETVEEEL T2, IhE2REEERETERD
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f(L/ Rapsaer 1/Ry)
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(2 7[0-2)“/2 =1 2 o..2
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f (Ev/Ripes:y En/Ry)

= bt exp [——EURi=(1+SE)/a} .

b, INBRENZFNL/REE/RICHT BT —FHAEFER LR >TW2 720, RO LS ICRICSH
57— REBREOBIHK—L TEB WAL, TFNLEKR ER2TIBEICEHERE L,

f(1/R)d(1/R) —f (R) ngdR (3.9)
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Mo THREMEZ, FloEFLTIE
L(a/, ﬁ9 0-2} Els.--’ En: Rl,..., Rn)
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FRE20FET LTI
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= @aohm U R, P 2 o ) (3.16)

b, (3.16) RTL1/ROEDFLDIX (3.9) K& (3.10) K& FEEE
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f (In(R)) d (n(R)) — f (R) %d R
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(2)Ricker®IFE £ ER iR D L E
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AETNEEZD, Tixbb
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L )= { , - ) 2
:mig RLI asf 1— [In(R,) —In 1212,2exp( BE}] ) (3.21)

L3, (3.21) RTLI/ROEMMILDIE (3.16) REFEOEBICE 2, (3.19) RIFZEHT 5 &
In(R,/E))=In(a) —BE;+¢, (3.22)

a0, N(R/EDDEWCHTBEBRRICED NI X —FEHET LI ENTES, TDHREFRIT

RickerBUEAERMIE & W2 1E, ZOMBERSHICHIET 2ET VDA RENTE T,

BFRTFERAECESE DO LE
—MRICHRFERERT T - RIEFCE S DENKEL, REEOHMICHEBBERNELET 20 E I »
LEHO M TRV LMD B, FITRDEICRABEZ»IPDOOT—ETHEAETLEEZL 5,

Ri:a’+61 Ex"’N(O, 0'2) (323)

In(R;) =In(a) te; e ~N(0, 0% (3.24)

WIhbe; (i=1,..., n) BHECHY, Ihs2REBRKTRDT LENZR

n — )2
Lia, 62| Ris, s R"):(Zn—i'z)“’z— iI=Il exp {—%} (3 .25)
L (a, 0'2|R1,..., R.)
1 L | In(R,;)—1 2
= @ 7o?) 2 '131 Ricxp fr= (In( ;dzn(a)) } (3.26)

E% 5,
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T ofErtid, (3.11) K %Beverton® 1 /R—1/EEFEF L, (3.12) * % Beverton# E/R
—ERBYFET IV, (3.15) % BevertonBIEE S E 7V, (3.16) % Beverton®T 3 F# € 7,
(3.20) X #&RickerBIEH 54 E 7 v, (3.21) K% Ricker BRHIER € 7V, (3.25) RaEERE
MomET v, (3.26) NN BIERT 7L & IE8R,
Mm-2-2 <ET7TILIE

FHEO (1965 a) W28 ATable 20 R 7 7 A DHFHEHZ 7 F~ A, BLUHDO (1965 b) B
172 Table IO R T Z A A Dy a7 OFFHGET—2 (1, K1, K2) »5, NI-2-1THN7
SEEDETF NV ERAVTHEERZHEL 72,

BonkER2E2ICRT, 777 b v ATERickerIEHE M€ 7V DAICHE b /& £, Bever-
tonBUIEAR AT 70 b KEE G, Yoy T, EEFRSEIERT 7 Vo RE 2D, DITEERER
5370 & BevertonBU S IEAAICD 1 INDOZEIZIE T %,

WEINHEEADS B, # 7 7 b~ A TldBevertonB D 4 fi4H & RickerB o 2 DO E 7L, ¥
O TR IER & BevertonBX#IER %2, 22N 1 B L UK 2127RT, K1 b DRicker
BHETIX, TTADLSEBONE T —F DD 5% XM SFETRLI,

0 10 20 30
E (x105)

Fig. la. Stock and recruitment data for pink salmon and fitted
Beverton-Holt stock-recruitment curves.
a: 1/R-1/E regression model b: E/R-E regression model
¢ : Normal distribution model  d: Log-normal model
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Fig. 1b. Stock and recruitment data for pink salmon and fitted Ricker

stock-recruitment curves.
Dotted lines indicate 95% confidence intervals of data dis-

tribution.

a : Normal distribution model

b : Log-normal model
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Table 1. Stock and recruitment data.
(A) Pink salmon (Taguchi, 1965a)

Year Parerital Recruitment Year Ferenial Recruitment
stock stock

1911 0.5 2.2 1937 31.0 41.8
1913 1.1 1.8 1939 20.9 40.4
1915 0.9 5.8 1941 20.2 57,2
1917 2.9 2.8 1943 28.6 57.6
1919 1.4 0.2 1945 28.8 41.6
1921 0.1 7.0 1947 20.8 26.6
1923 3.5 14.2 1949 13.3 12.2
1925 7:1 25.6 1951 6.1 21.2
1927 12.8 36.8 1953 10.6 29.4
1929 18.4 28.2 1955 14.7 13.2
1931 14.1 27.8 1957 6.6 6.0
1933 13.9 39.8 1959 3.0 17.4
1935 19.9 62.0
Unit : million of fish.

(B) Chum salmon (Taguchi, 1965b)

Year . Recruitment Year S Recruitment

stock stock

1920 1.5 4.0 1939 257 4.4
1921 0.4 4.4 1940 3.7 6.2
1922 0.9 6.4 1941 3.5 7.8
1923 0.9 5.0 1942 4.2 6.2
1924 2.0 7.6 1943 2.2 5.2
1925 22 10.2 1944 3.1 6.8
1926 3.2 5.6 1945 3.9 5.0
1927 2.5 4.4 1946 3.1 5.0
1928 3.8 3.0 1947 2.6 4.0
1929 5.1 4.4 1948 3.4 7.0
1930 2.8 6.2 1949 2:5 6.2
1931 2.2 6.8 1950 2i. 6.6
1932 1.5 6.6 1951 2.0 342
1933 2.2 4.6 1952 3.5 7.4
1934 3.1 5.4 1953 Sl 8.8
1935 3.4 5.4 1954 3.3 6.4
1936 3.3 7.4 1955 1.6 3.8
1937 2.3 7.0 1956 3.l 7.4
1938 2.7 8.4 1957 4.4 4.2

Unit : million of fish.
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Table 2. Parameter estimates and AIC values for eight models.

Numbers in parentheses are standard errors.

(A) Pink salmon

Model a B & AIC
Beverton-Holt curve 55.5 16.1 0.938 344.08
1/R-1/E regression (305.6) (92.8) (0.265)

Beverton-Holt curve 0.966 —2,.06X107? 1.67 264.47
E/R-E regression (0.391) (2.06x1072) (0.47)

Beverton-Holt curve 3.24 3.31: X102 102 192.55
Normal distribution (0.97) (2.45X1072) (29)

Beverton-Holt curve 3.46 5.08x10°2 1.01 211.64
Log-normal (1.44) (5.71%X1072) (0.29)

Ricker curve 2.96 2.04X10°2 102 192.49
Normal distribution (0.62) (0.95%x1072) (28)

Ricker curve 3.11 2.72%10°° 1.02 211.88
Log-normal (1.02) (2.15%x1072) (0.29)

No relation 24.8 — 334 220.29
Normal distribution (3.7) (95)

No relation 14.7 — 1.78 223.70
Log-normal (3.9) (0.50)

(B) Chum salmon

Model a B 5* AIC
Beverton-Holt curve 49.0 8.50 2.77X10°° 154.23
1/R-1/E regression (52.7) (9.65) (0.63x1072)
Beverton-Holt curve — 301 —5.84 2.43 X102 166.49
E/R-E regression (68.2) (12.49) (0.56%1072)
Beverton-Holt curve 42.1 6.68 2.47 148.20
Normal distribution (46.5) (7.84) (0.57)

Beverton-Holt curve 43.7 7.23 7.52X107? 147.64
Log-normal (45.5) (7.98) (1.73x1072)

Ricker curve 6.95 0.401 2.51 148.86
Normal distribution (1.08) (0.053) (0.58)

Ricker curve 7.64 0.441 8.46X1072 152.07
Log-normal (1.07) (0.048) (1.94%1072)

No relation 591 - 2.54 147 .33
Normal distribution (0.26) (0.58)

No relation 5.69 — 7.74 X102 146.72
Log-normal (0.26) (1.78x1072)
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ZOPI TR EIFIC X 2 HEEICHY T 3, Beverton® 1 /R—1/EEEHS X E/R—E [\,
RickerBUHIERDOZET VIV TN LD TEIZOINE L, INSDET LV TRHEDOARS I 1EEL
ENTWEY, KEHFIEIFHEOEGRETVBLT LOETIZRET VEL > TUEWI EERLTY
5, Ao HAEEMRAEES &, BEEEDPEIRRTEAOEENKE LI OEELFENBLET
b5,

CIFEERROBFLEDHE

YUY T TERVEREST—ELT 2 ETVOEREL 5 572, BevertonBUEUIESH €7V DAICH
IBREOELIZVY, M2k d1, COEFATHTF—FEHET2EQHFBETIZRIE
BEAE—FEVZ LI, -7, BEEOENBERIZIZDOT - 053N TER L LHTRET
b3,

HIT (1965 b) 327 —2 L, In (R/E) tEQRIFE2E 22 2 i X ) 1HBE%E$0.85 215,
Ricker OB MR 2 HE L T 2, EERIC & D Ricker MO 2 #E T 2855, Ecrhrbs
FRU—ETH o T b ERREFHHENCERIC R 2 2 EHSN T WA A (Hd, 1985), HODME
RS TNIZELTI2eEZL 55,
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Fig. 2. Stock and recruitment data for chum salmon and fitted stock-
recruitment curves.
a: Beverton-Holt curve, log-normal model
b: No relation, log-normal model
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LEMIND, 2ZTaktbiky 7T NHIRDNNTX—5TH2, 216N T—IDFT, (4.4)
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FRATHI & LT, Margetts (1954) 12X 37> /2% DB 5 WLHEEERDRE % W T E RIS %
ET2 (£3), Margettsid 67.4mm, 73.7mm, 86.5mm® 3FHEOHEGE#H VTS, WTFhoH
BOEREL Y 724 FHRICEWBICA 2 2 A TFHEINIO T, ERIRE LTIEy e FRIE,
ZNIZEBIINRTA=F crBP LTy 7EA NLERMO 2EEOMEE2E 2 5,
ETNVD: v IEA R
1

¢(L):1+exp(a—bL) SR
ETND v EA NLEM
$(L)= 1 (4.6)

1 +exp(a —bL%) *

EFNDIF(L)=0.5 2l fhiaiig L 2 225, ETVQRBIENTRLBELRRT 2 2 LT

3,
FNZThOREREO BRI AT, (4.4) Rz (4.

Ln NL ]

5) K& (4.6) XERALT

L(a, b | CLU..-, CLm Nl.h---, NLH):LPU (NIACL)‘ C['
X { 1 \ €L { 1 _é} NL-CL (4 7)
1 +exp(a —bL) ' 1 +exp(a —bL) :
L(a, b, ¢ |C Cum N N = 1T N, |
) ) Ll1se s Lns Lisessen Ln _L=L1 (NI_CL) ' CL'
{ ! bee (1 ! } -t (4.8)
1 +exp(a —bL") 1 +exp(a —bL") ’

ER 5B,
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Table 3. Overall length distribution of soles caught in cod-end and in cod-end cover
netting (Margetts, 1954)

Mesh-size
67.4mm 73.7mm 86.5mm
1enog\tlkelr?cnm) Cod-end Cover Cod-end Cover Cod-end Cover

6 0 0 0 3 0 0
7 0 1 0 2 0 0
8 0 1 0 2 0 .
9 0 0 0 4 0 0
10 0 1 0 5 0 2
i4]s 0 1 0 9 0 5
12 0 9 0 69 0 17
13 0 19 il 135 1 29
14 2 25 8 151 0 45
15 0 19 7 114 1 36
16 0 16 6 46 1 8
17 0 5 1 19 0 9
18 0 3 2 15 0 11
19 4 8 1 28 2 22
20 9 10 7 73 0 27
21 16 11 10 68 2 61
22 49 14 43 114 5 96
23 47 4 93 110 5 99
24 60 3 125 69 6 99
25 56 0 176 34 10 83
26 55 0 139 14 7 67
27 53 0 122 3 15 74
28 47 0 139 1 25 74
29 33 0 89 2 34 51
30 35 0 103 0 51, 27
31 25 0 83 0 51 13
32 21 0 79 0 67 6
33 19 0 55 0 53 3
34 19 0 57 0 36 0
35 10 0 30 0 34 1
36 8 0 20 0 14 0
37 5 0 10 0 10 0
38 4 0 11 0 7 0
39 2 0 6 0 7 0
40 2 0 7 0 3 0
41 0 0 6 0 4 0
42 2 0 3 0 3 0
43 1 0 0 0 2 0
44 0 0 1 0 2 0
45 0 0 3 0 0 0
Total 584 150 1443 1090 458 966
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Table 4. Parameter estimates and AIC values for each model.
Numbers in parentheses are standard errors.

~

Mesh(mm) Model a b ¢ AIC
67.4 O 16.5 0.818 e 230.06
(1.8) (0.084)
@)%+ 5.49 4.62%X10~* 3.11 227.92
(1.00) (7.52x10*) (0.49)
73.7 D= 13.8 0.603 . 1462 .87
(0.7) (0.028)
@y 3.95 4.90x10-¢ 4.32 1394.33
(0.25) (4.33x107%) (0.26)
86.5 (* 157 0.541 = 905.65
(0.9) (0.030)
@** 4.09 8.84x10°8 5.22 860.76

(0.29) (12.72x1078) (0.41)

*equation(4 .5), **equation(4.6)

SEHEOEEG I LICETAD/NT A=Y OHEMH, FHERE, BLUAICERDT: (R4), AICTH
W32k, WFROEHATHETFTLOIZL RTEFLOQOAEYI LR E L >TWw3, HESINT
MR AR 3 ISR T A ERERED T —F 2HWY, ITRFEELHREGHETH S 10cmb S 40cm £
TERLTZ, BB ET VD, ERBETNVO, FEAPEBROT—FIDER2RT, 7—7 D5 LA
7 — 5 ¥ 50 BRM, BEXIF S0 BULEEZRT, ETVQDANETLVOLIOHTHEHEINRNI L, T—
SEBPRVEIATRIESDENKEL B> TWVE I LR ET 2,

IV-2-3 {RENI&ET

FIRGRRI S EABICADEEOBEEE L TEZTE L, IO RBIRELT> - HE OEIRHR
BESNDA, FHERELZ2EHAOERMBICIOVTRHETE R, BEDKEZINKBIIR 725
&, REL kB ANMEBRREI R b L 2w I LA FHE NS, Tokai and Kitahara (1989)
BEIRHBERO LS nBE L HEOBEKE L TEDb L (UTHEE—AUEET L EFESR),

¢:¢(L7L°) (4.9)

m—Mg " *
CITMRHEADES, Lot Mok HAE L RROBEMAZLFIBEGRLSDThERDT ST A= ThHb,
CORREBLEEEOTHORESOEHEORRMHRLEL Z L3 TE, FECHABMMELEV,
Tokai and kitahara (1989) Tl & DIRE DF 41 & iR OHEE ARG ERYZMRICE>TWws, &
CTRBAEEZAGT NI A—FHERITY, AICICL 2 ET VI & WO FEHERNEIIEY» 5 Z DR
MOFBERREST 5,

H&RlEe 7 L HE—dtRE 7 LV OERNZRO L 5 2FIETTI, FHAEZ Lz ko2 H
EGRIEF VO LERKE, FRFNOEEOLEOREE RS, Hidovy /vy D k> 3EEDEE
DEETHNE, FhFLOBEEHT S5 A—%%a, b, ¢, (i=1, 2, 3):T3L, £
N

L(alv bn a29 b29 asa bs):L(ah bl)L(aZ9 bz)L(aS, ba) (410)
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L(aly b19 CU azs b’»‘v CZ’ aa, b37 ca):

m=67.4mm

0.5

-
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-
-

> 5
[
';0'5_
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o oL L |
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1r - -
- m=86.5mm -
1 4]_
10 20 30 40

Body Length (cm)

Fig. 3. Observe selectivities and estimated mesh selectivity curves. Only data for fish between 10
and40cm length are plotted. Broken line and solid line indicate model @ and model
®), respectively. Open circles show sample sizes are less than 50 fish. Closed circles show
more than 50 fish.
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TEbahz, BEC LM THEDT, HIEiTEL AT A—VOHEEE*ZDE THVTEHETA
BEROL, BARBLERSEEEORANKELEOM L2 2,
HE—JLEEFT L TIE, EFLQOEEIT

L(a’ b, LO! mo‘ leLh...s CmSLm lel‘l,...7 Nmsl_n)

— "fla [ﬁ‘ NmL! [ 1 :l CmL
m=ml L=L1 (NmL_CmL) ‘ Cm]_! 1+exp {a*b(L—LO)/(mfm())}
1 NmL-CmL
U ep Ta - b(L-Lo/m-my)} (4.1
ETNVQDBER
L(ay bv Cy LO; mO I leLU.--7 Cm3Lm leLl’---’ NmsLn)
m3 Ln NmL! 1

:uml Ll_[u (NmL_CmL) | G ( 1+6Xp [a_b {(L*Lo)/(m_mo)} CJ ) e

1 NmL-CmL
X(1_1+@m[a—b{(L—Ldﬂm—md}ﬂ ) ¢ (4.13)

£%%, ZZTNm, ColldZhZNHEMBOAKRLOMOKC Ao/BE L, Mr olike 3 HE
Eh-BE, m, m, mi3I3EEOHEODES THS, HE—JLEETTLOHAEIR, (4.12)R & (4.
13) REFBRKET B LI NTA—FE2RD 2B,

HE—JLEET VDT A=Y OHERKRLZESIC, HENE TV EHEBE—ILEE T LOAICOHE %
FOICRTAICHEFTLOQTIHIELALEN L, EFTLVQTREE—IFEEFT VO HI/NE S Rk
EFNMCES>TVE M4 RR#ELET Ao BONT Lot M DEZHW, &7 —5 LHEE S L7 dhig
@D, (L—Lo)/(m—m,) L BIRFSDEZRERLIZ DD TH S, Iy oERIBCOWTHRELHE
OB ERET 5 2 L O YEBNRENT,

Table 5. Parameter estimates for Tokai-Kitahara model.
Numbers in parentheses are standard errors.

~ ~

i h, a b e
g 0.665 20.4 4.23 =
hlidel L (10.29) (2.109) (6.2) (1.27)
.. —90.4 ~16.5 4.63 2.99% 10~ 18.0
Model. & (5.8) 1.2) (0.24) (2.35x 10-12) (0.4)

*equation(4 .5) **equation(4 .6)

Table 6. Comparison of AIC values for mesh independent
model and Tokai-Kitahara model.

Mesh independent Tokai-Kitahara
Model D* 2598.58 2598.60
Model @** 2483.01 2479.80

*equation(4 . 5) **equation(4.6)
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L. mesh size
L o 67.4mm
o 73.7mm
I . 86.5mm
ey L
S
- 0.5
o
h.v -
o
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(L-Lo)/(m-mo)
2 ; ; =L, i s
Fig. 4. Relationship between m and selectivity ¢ based on
i 0. ..
Tokai-Kitahara model and estimated mesh selectivity curve.
V-3 &

9B BINES O E SRR OEHENTIIRE TH > 278, INE TIRHIE LA EHETFICBIR
sShtrhotee T—IREETANSEERIFIA—F 2RO IBLELZHONE, SEEDOT -7 HO
BV L EERREODIE S DEOERREAHBMNIC LD CALHENAIEL k5, BYIRT — 5 DFE
EFN (ThHOLLERR) NELTEXLEEE, BREECIAHEORMNERKNE Y, T I TIEE
e & LTy 7 E A FEEE (€7 0Q) & ¥ 74 FBRBER (E71Q) o 2EEHE%E 2, AIC
2 BB 2T o7, TTAQDAMSEYIRFERE 2 o7, THFERFIE LT — 5 o5BIRE
50% D EEFLICRFRE IR > TV EREVRLEHTH S,

B L L TERSHOREAOMEKSHe N2 bH 208, ZOHAED (4.4) icBLT
(L) ZXET 2B T2 210D, FRCHINT 2 2 E0ATEETH B, 2720, ERSHOER
MBI 7€ A NEhfRFERE, EIRFE 0% D E %2 FITHFRAHR L 2RO T 2 N TE T L0
HHI D T b EME - 2 2 2 L oA BIFETERb R » o 72,

BINMG Y BE L HBEOBKE T 2HE—ILROT T2, BEKRCID AT X—FH#HEL, ET L
B X DIREDZ Y EEBSIR L 72 BURZ T O TR &5 5 258874 € 7 0 fl23D 1T < v,
AICICHL 2 L HIE XA S TH 2, Tokai and Kitahara (1989) Tl, Lok me% 50%FER A & 100% 53
FREDOERD A0 SHEEL T A DI, FFFEROFIETEILT — 7 OFEHREFIALES v 5 FlS
bdH b,

IITHSETATIRNT A= HOHEDE N L DBZ ., DD/ ST X—FEEELERT
LbLEOMEIZIZE AL T, BAMEICIURE 200 L WIEENH 5, RFEOFEENIZ, BhiF
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DEHEST 2 LCHY, NIA—FDEZHETII L TREVDOT, IROREX X ZTIRbH
VLSRRV, SEESEITIHIRBAEIC L > TEHESINTVLDT, HEMOERESEEHEE
REDYMR D R FEOFIREME I 2 o BINEE 50% & 2 2 RRIEE N EHINTH 2 5513, BIRK 50% D EE
EHBEDNRIA =S L TEIEHEHTHA S,

Z T 72 TV EEIRER O HEE LIS b ICHEHMNIL W EEZ 51 b, B2 1EWelch and
Foucher (1988) i%, [FIUE 7V CHBRBEOHE 21T> T b, s DBEHE2EYNRET 2 Z ik
D, EZ2bOEEFORMEZE2HET 2L HARETH 5,

Kirkwood and Walker (1986) (%, HI#8DMEHBEIRNEHM % FAZEEF W THEE L 72, FIfTizB B WL
WERBRSTARETH 2700, WADREEHKI AT Y VO EBREL T3, Z0HESL, AR TE
L&D RAICIC X 2TV OBENTH %,

FVE FREBRECIITACTHREOHTE

V-1 @FL®IC

[FRFIC S OESR A E IR L T o EREICh > TH L DANERH I N 235G, HHERORIEN
ZAer o BEREE, BARTHREM (b2 WITRERKEF L 2BAMRZ) 2HET 2 2 L0HFETH
%, BHEBHONBOBEFHEEICNT 20ER»oHET 2 Ak, BHOBBL2LEIMLEARLT
BB L VMET 2550 2EENEEL SO SNT &7, A TIIEBEREC L 20T ERED
HEOME LY — RGP SMETT 22 L0k D, K250 2 DOHEFFEDOLEZITL, &6
TR LB ORI EOFLWETVIZ DN T HRETEMZ 72,

V-2 EBHBEHECBIZARATA—FHT L ETIVLEE

FEE IS X 2RO EREO N 2 EXL AT . SBROILED EEL TRk 5
oy, JEXEALEREKEELL, TO—HMELT, ERkopFERIC LAk LHESMMERL
TR L AHETELR

V-2-1 ZREBMENEH
(DR E A 2 g R

WG SN NEOEHRED, Hiv4LATy 7BV THRIEEREM THRE L, BERKEF TH
B O(H) shsET5, COLEEMEHC OEFRERIROATRDbENS,

C,=NP, (5.1)

F,+M,

ZITPREI A LATy 7T THRESNZEER2RDLTED,

P, [1—exp {—(F,+M)}] exp {—J:Ell(FﬁM,-)}. (5.2)

exp {— 3 (F,+ M) Ci— 13 TOERESE  (5.3)
T [1—exp(— (Fi+M))] L TORBEE (5.4)
DETH %,

UTOMTIRFEMIZ—E L LTI, ZDiFHE (5.2) R
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F

E:F+M[1—ap%4F+Mn]wm—w+MMi—1H (5.5)
Yty E5IXIDREFEERBVFREZ (=F+M) TROLEIF
P:z%{l—exp(—Z)}exp{—Z-(ifl)} (5.6)

Thbd, E6IEM=0PMRESNZHEIR

P,={1—exp(—F)} exp{—F « (i—1)} (5.7
L5,
(QMEEBEDEA

REOHBEHDO T —7 13, LR TRENI2EREOEOLVICIES D LIRS, F5DEDERA
LLTRY 7Y v (RIE) L BEAREE, ERACENOTY—5, €7 VORTHREMSF LHE
YT Bl SERaDREL Y) BEZ NS, RAETHRI oI, TOFHT—0ESD
EERDTHREMEET N, ThbbRERRE2»RDO T LEBRKEE 2 20ENH 2, BELZHEMT >~
FEY > TV 7L a B LEEMMMTROESHE L H 508, HECIHFL2 LBERIESE T 2 2o il
TEEV, EOLIRELDLPIRDVWTIEUTO L 52, ZEHME, EMROMH, WEIEHRIME, $HE
SHOERALZ Y ERZETVNEZ 5D,

OZHEIROLE (&LE)
WENHEM S VS LAY 7Y v 7 ThIUE, REBIIDVWTE I IALAT Yy PTHESNIHELR% P,

Y28, R4 LRT v T TEAENC,,..., C.ERBEINBHERE, RO L > RSHEAFTED S
N5,
N ! i )
W_C) rmc, T I 21 =2 PYe (5.8)

ZITC=3CTh2, LREF L ZOBME BT b DHSEMI & 3 WREHOLEBMC,
LAP: Z | Ny Cusenss Gl

| n n
:TN——E%CT,EPF‘“—EIPJN* (5.9)

L%, 2ZTPE (5.6) XTRbEN 3,

Q@S DOLE (G T E)
(5.9) RicBnT

R
Q =3p

_exp{—Z - (i—1)}
~ 1—exp(—Z+n)

{1—exp(—2)} (5.10)

‘A
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L(F, ZIN, Ci..., Cn)

:LI(Z ] C],...a Cn)LQ(F9 Z IN, C) (511)

LR A ENTER, 22T

_ C! = .
LAZIQ““,CJ—ﬁaTng (5.12)

| n n
L,(F, Z|N, C):ﬁ!*(zlpi)c(l—ElPl)”‘C (5.13)

THb, COHGERPRILHEEE LT, T L, 2RAMET2Z%2RKD, Z0OfE%Z LIRALTFE %K
OEHENREZ NS, ZORLHEEDOHER, LIOKRM T A—IBN1IHETHE-DEL5THY,
FOBAHEE T L, & BT '
7

N {1—exp(—Z+n)}
TROZZENTESL, LIS TCRAKEENE LWHIRETTORETH 20D T, FEMLE LT
s, 2l (5.9) REFLLEL b b, FETLEOHRE OIS OTE R, —HBH
\Z X Hiramatsu and Kishino (1989) (zaf~7z, JbH (1989) 13 Z N 27 — & OBHTICIEMA L
TWwab,

(5.9)RXoeLEETNVICBNT, P/ ELTFEM—ED (5.6) XEHWIEEZ, BicPaulik
(1963) Zi2 & v WA LMt »nTThit T %, Farebrother (1988) 1 (5.2) HICHHY TS F LM
REEREEZEA L ET VOB 2To T 5, —H, (5.11) ROFKEFTLED E 7 Vi3 Tanaka
(1967) &ALH - 8 (1987) AW TW 5,

F:

(5.14)

QEMMOLE
EHEHVHEREO LV ICERSTMTIES D LT 2,

Ci=NPi+e; e ~N(0, ¢ (5.15)

IZTe; (i=1,..., n) BEIKHMITHS, ZDHEDLEREIX
1 n Cj‘NPj 2

L(F, Z, 62| N, Ciseu.s Cn>:Wi§1€XD {—(_Wl*} (5.16)
ERB,IDETNTERMATA=FIZDODWTIFERE L L2710, ERIFIFEAEHVSNT I hd >
T2o
OFHFIEF 5348 D T

BEERHVHRED LD CHERSMTIES DL £T 5,

In(C;) =In(NP;) +¢&, e ~N(0, ¢ (5.17)

IZTe, (i=1,..., n) FEIHY, InzHEEEERKOKTEL &

1311 exp - (In(Cy) ;lgz(NPI))z y (5 .18)

£ (0(C.)se..r In(C)) =5mamys,
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LB, (3.17) REFBOERETS, CIOMT 27—y RERKEL T2 &, MET 5 LERKE

L(F, Z, Uz‘Ny Cls---7 Cn)

_ 1 o _ (In(C) —In(NPy))?
o) 7[0‘2)"/2i1=-11 C, exp { l 2 o° } (5.19)

b, TOETILTIX

IMCJ:mDF%{l—mM—Z)H—Z'HAJ)+m (5 .20)
LR DEHRN2BETRANTIA—FERDB I ENTE S, ZDOHEFRIE, log-linear® 7L & ¥
BhaZoEFAnLlHuwsnTER(HE, 1985), 7277, BHEEN0DIY A LAT v THH 5
ARV EVLIRAE DD,

®@%HESMOEFRTMU (—RIERN2TEST A7) OLE
BUEE 26 CTHIz L 51T, FEMMIERSMTEM S NG, (2.22) RTHET 2EUETS &

(5.9) XoZHESMOLEREIE

_ 1
L(Fy Z | N’ Cly...y Cn)_(an)n/z {HP,(I‘ZPi)} 1/2
4 (C,—NP)* (SC,—NZP;)?
Xexp 1~ 25 Np, IN(1-3P) (5.2D

&%,

®ZHAMOEALEIM (—BUbR/N 2 kY 1 7o) OLE
(2.27) RCHIET2ESDEDNTA—I 2 BALLETALEEZD

1
L{Fs Zs 6° | N Cusoons Co) =N TP (1 =SP)] %

82 (C,—NP)? (SC,—N3P)?
Xexp (= 25 Xp 7  2N(I-3P) o (5.22)

LB
@OLESMOIEFEM (INER/N 2 FE5 4 7) OLE
(2.25) RCHIET 5 ET VI

L{F, Z | N, Cisvven €o)

1 . C,—NPy)*
ANy mp) e L exP (4 'szi') ! (5.23)

%5,

@®ZTES MO IEHLEL (INER/N 2 ks A 7o) OLE
(5.23) KFo2&EDNNFA=F o2 ATz (2.28) RTHIET2ET VI
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LEF: 2 62 N Crpesss Ca

1 n (C,~NP)?
=N Pyl P { T Rp,e? (5.24)

£,

BO~@® D ZIE A D EHTLLY 4 7D & 7 v idPaulik (1963) 3 & UFFarebrother (1985) o —f3 (b
/N2 ik, Sandland (1982) DINER/N 2 FEDO T T MICHIGL TWwWb, FHETHRRIZ LS 12(2.22)
Az (2.200 RXeRFETHL2o, (5.21) XBLV (5.22) RFELL2HBERO T — 5 HoHEE%
EELTBY, BN 2EBEOETTVERIEL TWE I LIZn b, —H (5.23) RBXU (5.24)
ARTR7T—/HOMHBEOEEIER SN, BHACL2HHOEVIZINEREINTE Y, NERK/N2
FHEDOET NVICHIEL T b, 7272 LPaulik®Sandlandid, FEEOMBOERSHET Vv, Tb
b, ZESFOMBMERIPUCHY T 28T v 2E>TWwb ), T THOWEET LV EREVRR S,

UTofgfcix (5.9) XoZESG (2LE) €7V, (5.12) ROLESH GHEFLE) £7
W, (5.16) AOTEHSMHET )V, (5.19) ROWBERE TV, (5.21) ROBESMAOESIM (—
) =7, (5.22) ROZESHMOESEM (—#fbo* ) €70, (5.23) ROBESMDIER
AP ONE) €70, (5.24) ROSHESHOEHFEM (NMEAT) EFLEAWS, P LTlEwd
ny (5.6) XEMHWS,

V-2-2 EFILER

F TR 72 (Gulland, 1983), ~ % A (HAFRE R =, 1988), # ¥ 2 (Kitada and Shiota,
1990) 0 3 FEHOERE 7 — 5 %, V-2-1THERO~@D 8 FHAD T 7 v % v TN 21T - 720

BONTHEREERSIITT, v/ A DT — 713 81~90 HOFEHMEMM 0 TH-/-DT, MHERTT
NEDHBEDH 8 HETDT—FDAEERACITFIOT =5 TEEMBHODS A LAT v 75
ol ORMBERETT VITERL L2 -7,

A OBITERIIERCTHRED NS LI L R2RBL TV, 22 TM=0DE7Vv1E 2, M+
0DEFNEDHEATT> 7 (Hiramatsu and Kitada, 1991), M= 0 0%H&EZP, LT (5.7) &
EFRHWTWS, ZOHMERLEDLETREIITT,

IRV YA TIREEMMOIERITM (—{bs X UIMESH) 7L, Y TEM=00D%HE
AMETADRBEE K 572,

Table 7. Tag recovery data.
(A) Prawn. The number of release is 6481 (Gulland, 1990) .

Days after Number of Days after Number of
release recoveries release recoveries
1~ 10 501 61~ 70 17
11~ 20 270 71~ 80 W
21~ 30 133 81~ 90 2
31~ 40 177 91~100
41~ 50 55

51~ 60 96 Total 1282
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Table 7.
(B) Red seabream. The number of release is 50000 (Japan
sea-farming association, 1988) .

Days after Number of Days after Number of
release recoveries release recoveries
1~ 10 120 51~ 60 6
11~ 20 61 61~ 70 3
21~ 30 47 71~ 80 4
31~ 40 9 81~ 90 0
41~ 50 20 Total 270

(C) Swimming crab. The number of release is 337 (Kitada and Shiota,

1990) . .
Days after Number of Days after Number of Days after Number of
release recoveries release recoveries release recoveries

1 7 21 0 41 0
2 0 22 0 42 2
3 1 23 3 43 0
4 4 24 1 44 1
5 2 25 0 45 0
6 0 26 4 46 1
T 0 27 2 47 1
8 2 28 4 48 1
9 1 29 0 49 2
10 4 30 1 50 0
11 1 31 3 51 2
12 1 32 0 52 il
13 0 33 2 53 3
14 2 34 1 54 2
15 2 35 2 55 1
16 4 36 0 56 3
17 2 37 4 57 2
18 0 38 0 58 0
19 2 39 1 59 3
20 1 40 1 60 1
Total 91
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Table 8. Parameter estimates and AIC values for eight models.
Numbers in parentheses are standard errors.
(A) Prawn
F 7
Model (X1072/10day) (x10-'/10day) 6°* AIC
Multinomial distribution 9.01 4.50 — 176.27
(full likelihood) (0.36) (0.14)
Multinomial distribution 9.01 4.50 = 176.27
(conditional likelihood) (0.36) (0.14)
Log-normal 11.9 5.59 0.362 101.53
(4.5) (0.66) (0.162)
Normal distribution 9.34 4.79 1.10x10? 104 .43
(0.78) (0.58) (0.49x10%)
Normal approximation of multinomial 8.78 4.24 = 176.42
(generalized) (0.34) (0.14)
Normal approximation of multinomial 9.07 4.53 11. 100.13
(generalized with ¢?) (0.12) (0.50) (5.7)
Normal approximation of multinomial 8.85 4.24 . 176.25
(weighted) (0.36) (0.14)
Normal approximation of multinomial 9.06 4.53 11.9 100.35
(weighted with ¢?) (1.29) (0.50) (5.7
(B) Red seabream
F Z
Model (x107*/10day) (x107'/10day) 62 AIC
Multinomial distribution 3.03 5.55 — 58.58
(full likelihood) (0.27) (0.39)
Multinomial distribution 3.03 5.55 = 58.58
(conditional likelihood) (2.75) (0.39)
Log-normal 2.61 5.27 0.178 59.34
(0.81) (0.68) (0.089)
Normal distribution 3.13 5:79 42.7 58.73
(0.22) (0.57) (21.3)
Normal approximation of multinomial 3.02 5.44 = 57.24
(generalized) (0.27) (0.38)
Normal approximation of multinomial 3.04 5.56 2.03 56.84
(generalized with ¢?) (0.39) (0.55) (1.06)
Normal approximation of multinomial 3.02 5.44 = 57.24
(weighted) (0.27) (0.38)
Normal approximation of multinomial 3.04 5.56 2.03 56.85
(weighted with o?) (0.39) (0.55) (1.06)
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(C) Swimming crab

F 7
Model (x10-%/day) (X1073/day) 5? AIC
Multinomial distribution 552 7.07 . 201.03
(full likelihood) (1.06) (6.08)
M= 0 5.26 — — 199.12
(0.55)
Multinomial distribution 552 7.07 = 201.03
(conditional likelihood) (1.06) (6.08)
Normal distribution 5.70 8.26 2.04 219.14
(1.30) (7.72) (0.37)
M= 0 5.30 — 2.05 217.29
(0.74) (0.37)
Normal approximation of multinomial 6.67 12.1 —= 214.06
(generalized) (1.00) 4.7
M= 0 5.67 = — 213.91
(0.51)
Normal approximation of multinomial 6.43 12.6 1.28 214.49
(generalized with o?) (1.11) (5.4) (0.27)
M=0 5.36 — 1.28 214.37
(0.63) (0.26)
Normal approximation of multinomial 6.77 12.1 — 214.27
(weighted) (1.06) (4.8)
M=10 5.79 — — 214.05
(0.61)
Normal approximation of multinomial 6.42 12.6 1.28 214.81
(weighted with ¢?) (1.18) (5.4) (0.28)
M= 0 5.38 = 1.27 214.68
(0.74) (0.27)

V-3
(DE 7LDtk

TR T BIER M R MBI ERIC L 2 ke, ZHESMERAVERLEC L 2 HED

2EEOHERENHV ST,

2DODHEDE B S MFET I DL TR HBIZ s 3

TZhole, TNEAICKH>TT =0T 22 ENTEL, REDERIR, T—FIckh b
SHNEVBEY»IIERLZLERLTVS, TETRSENMFODTEE VMWEHEICE VY, 54T
BRERL, AV ITREBESAOTVEVET L ER STV S,

LZESMET VOEE, SLEC L 2T LFMHILEIC L 2HETIE, SHEE, XE#EEHE: b
EWE Tz, FREMREOHVFTEVN I Z2DEEG I %2E 2L, FHFTLECL2HELVEN

TH>9,

MOEEICET 5 € 7 L8R

HYITREMF0EM=0D 2BEDET NV EEZ T, HRIIM=0DETVOAVEYILET LV E
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ol THIEFICHARMDS/NEL, ZOT = 0o 3MAEHETELRWLIEE2RLTWS, Zhidxt
KPRBOH=THD, HARBEICLDFLENIFEALENLD EEZ 5N B ERER<A > MER TR
BT AERE b IEF D20, FICHAMBERTE 2 L WO RHRIIZ Y THE EEZ NS,
M= 0DETNICTEARM= 0 DET NV TIRIEERENLESREICZ> TS, 2, MEOIDET
NVCET =3 EETELRWNANTA—IMEEALLORLEICRD, BENKEL Lo/
Z » 1% (Hiramatsu and Kitada, 1991),

Q)ZHEHA D EHELLE T LIz DN T

22 BHHMOBEHBROMEEER L - —Mibivh 2 Fiky 4 7O TV &, HBELERL M
BERN2FEEIA TOET N TRERICKES o7, CNEHEREE LRSS T HIAZ 0
ZERRLTEBY, ERLEFHEORESGRMES A 7OETALTHITH S,

—HAIEDHEDL I, BoD2EDRI7A—YPOFERFFBRICKELECEAELUIELIE2H
2, THIF*W 1 LD REL B> TWB IS AL LI, FEAFTRASNE LN T -7
DESDERKEVLDTHY, ZEMET VOO TR EVNEFBICEL L L EELTW2, &
HREILEMINR /NS o Twa 700, BERIMESNTHS EBEBINLT LA, FiEl)
BRETNVEROESGEIEEREOHEELAEN TH S, JHIZDWTIIEVIETHRET %,

I OHER, BEAMMET NV ESESHFOESELUE T VOHEFEIC» 2D DERAOND, T
NEBEZ OBFHBHEN Y 2L, FREUPEL L>Tw 579 ThH 5,

4rEgIZE TN

R XD ICHETRET VIZT —FICLDER L, > TETVE—DIEEL THEITETIC, &
HOEFNAEEZTETFTVBIRET) CENEE L, BROBNCIE, FEIcHEBEKE 7oy L
FEM—EDRENHLREN TV ENEF 2 v I/ T2 LbLETH D,

SEOEFFID S b TEENLEZDII T EDOHETH S, LHESMOELEM (—BboXTs LV
MEe ) TEFAMREE % 57278, AICOMEDEWHRIERE T VO SHEBE Z»2 ) B> T
3, W% T TOVERRCEHEXEORE X LoD L5 IC#H L WBE L A5 T o, ZOREICD
WTRSBOBEL L TESA TV 5,

#VIE DelLury %

VI-1 @L®ic

DeLuryiEid, A LRBH,NE L HALEOERTE 2EE 1 BN L —HOWERKC L HNEX
DT =%, PHERERN & REREAARET 2 HETH 5, BIRAC L 2HEREE L T,
LHEYYRERKC /X ORRBERRCHT 2RFERBR» oI AV 2HETZ2HE1IET L
E,In(C/X)DBEBEHEICH T 2BERBRPS NI A - E2HETZ2HE2ET VO 2EENH S,
I ERINC 2D E TV THRIGEIC L D HEE T 2 HEH Zippin (1956) Sk DRET S Tw 3,
DeLuryi%id, EREANICEIBNEL D BERKC,/ X ORHENZRD NS /8T A =8 2HE T 2 5k
LHEXNTWS, KETIE, BAULAEELOEONIRERKO T —5 2R LT X — 5 #EERE
D—2E LT, FIECEFREMELOBBEICHOERLEL S —RN 2 H»S5H D, BRETHEERT
ERVIEENDIIEICOVWT HRIT 5,
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VI-2 DeLuryiE25F5/35 X —H#TF & TR

DeLury¥:i2 £ 2 N & A OHEOHFHIZEAMEETT O, EVEOIERFMOB 2 2E 10, — ik
BhOIEXEFRETAVEELSL, ERLSHVONTE, DeLuryD5E 1 ETLVPE2ET L, 2H
PHETNRERZO—EE L THDbILS,

VI-2-1 XEB#H0EH

PLTE SR e T A R

IEMW&@%E@,%$ﬁu%%ﬁﬁ@%@tﬁU<(Rl)ﬁt(S2 ) RThHB, 7—F &L
TE526N2DFREREC, LESNEX (ZZITF,=qX) Thbh, EEM=0RMREENEDT,
SHET 2 RFRD & S gt sz,

P,= {1—exp(—qX)} exp(—q:;ZtX,«). (6.2)
aXi AN B WEBHITIE

1 —exp(—aX,) =qX; (6.3)
THUT 2 ENTE

P,=quexp(—q:ng) (6.4)

b, AEAEEICRZDT, ZOEMETEDPhE ZE L%,
Flt] - 7EF (1982) 1dDeLury#®EZM= 0 DFAITHILEL T3, 2D (5.2) R

P‘E£IM%1 —exp( q&—MHem<—ﬁg&fM-ﬁ—D} (6.5)
L7iB,

1 —exp(—qX,—M) =¢X,+M (6.6)
T E

Psqup«fﬁgm—M-u~n} (6.7)
TH5,
(QFEEBSDEA

BEAREEZ2DIF (6.1), (6.2) Xbswid (6.5) RTH3H, EROBERROT—FiZh
SORDELVIIES DL T LIk B, EHEBEROBES LA, honiXs>&2dRdr2EF L E
LU C 2 HESADERGLML, IS OIERIM, ERSMH, WERD T E2E2 5,

@ 2 FESFF O TEHITILD B
ﬁ%@ﬁﬁ%ﬁ%?yfA%Vnyft&@T’&ﬁf%ﬂ@,ﬁ%%ﬁ@&%ﬁ%ﬁ%@ﬁﬁf
ROTIENTE, ZOHEOLEBBIIIERERZED (5.9) XAk
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LN, 8] Coesin Cm Kunison K

| n )
:(N—CN)'! mc, L P (1= 2 POe (6.8)

£ 5,

(6.2) ROISICHRECABATE 2581013 (6.8) ROBHEMAIZ, RO XS % 2HES
DEDOETEL Z LM TE S (Zippin, 1956),

L(N, q | Cl,-c-’ Cn1 le-..’ Xn)

n I\Ti | o .
:igl(Ni—_CW {1—exp(—aX)} © {exp(—gX,)} M-°, (6.9)
ZITN i cB 3 EEREHK
Ni:N—;EIIC,- (6.10)
ThHb,

(6.9) KzBWT, NiZ+H2KEVDT, F2EMMEERIA UL T ENTE

LN, 9| Cunsin Gns Xunsoum Xn)

= 1 L 1 - (Ci_Nigi)Z
T@a)™ oy {Nip(1—p)} 2 exp | 2Nipi(1—p) (6.11)

b hBCEZT
pi=1—exp (—gXy) (6.12)

& e,

2IEDIDTE & RO iR, FHEXB—EDOHEIT DWW TIXZippin (1956) 12 & D M3 H31T
HN T3, Schnute (1983) BRFEDFKMED T TA (HERER) NEFHICELT 2858 2MEL Tw
%, & 5IZMatsumiya (1990) (¥, Schnute (1983) 2832 E T VA AICIZ X D175 2 & 2RIEL
T\ 5, Akamine (1990) 12 2 HOAOIEHMTMIE T V2 H L, X, 2EAL T3, Akamine ef
al. (1992) &, (6.11) o 2 EAMAOIEFUTIIE T LT, LELFFHE, S /S5 A —5 DIEFE
HHERDZ (2.12) XEHOLAEERRL TV S,

QESAOERIME T VICBLWTMAEEAT 2121

X,

Pi=—rxppr (1—exp (—aXi—M)} (6.13)

N,=(N=3C,) exp {-M= (i —1)} (6.14)
ETHIERV,

@ 2 OIEREM (o) OLE
(6.11) RiCiFs2&E DT A= 2 EBATHIE
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L(N9 q! O_Z| Cla---, Crn Xl,...’ Xn)

o 1 a il ,__ (Ci—Nipi)?
=T L TN (1 —p7 @ P ("3 Np (1 —pyo? (6.15)
Y (6.14) REHVWAZEICLDARETH %,

L%, MOEBEARRIRY (6.13)

@ZHESAADIERIM (o) OLE
(6.8) ROBESHOTELHEM E L TRABE»EZEZ oS0, 22T (2.28) KcHicd 3

X6 DEDIRT A= % AiLTZ

L(Ny qy Gzl Ch---? Cns Xl?...s Xn)
=y il L _(Ciprl)z
=2 aNe? (P 7 I P (o (6.16)
2E25, MPEATLZHESICEP, LT (6.5) XEAVILIER Y,
@RS DOIE
WERSPHEEO IOV IS ERSMETEE T2 LT 5,
Ci=NPi+¢; Ei"\/N(O, o?) (6.17)
ZZTe; (1=1,..., n) FHECHT, 2O ELERBSIZ (5.16) K &R
LN, @, 62| Cisenen Cnp Kis, s X
(6.18)

1 ul Cl_NP 2
~ ey, e (g

%2, MEBATZ2HEICIE, RIEV P LT (6.5) XEALILER Y,

®DeLuryD & 1 €7 IVDOLE
DeLury®EFE 1 E7/E (6.18) HOETFT NV EI3EAL D, BUFHEL Y OWERKERHED £
DIZEBRAMRTE2ETVICHEY T 2, DEVERERKSZO L EOFNED 2 FICHHL 1208 TI1F

5o kvE2ZB6ND, T8bbB

C| :NPiJFE i
e 1~N(0, X?0?) (6.19)

:Nipi+€i
ZZTe; (i=1,..., n) BEICHMHT, N;e LT (6.100 &K, P, LT (6.12) XEHW2, k=&
ZBWT (6.3) RoElzAYy, &5ICWmI%2 X, TE 2L

Ly, =agN;+e¢;

X,
(6.20)

=aN-a3Cj+e, e ~N(0, o2
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CZTe (i=1,..., n)FEMT, ZOHE, BN 2FEETN L AKD SN 372 HDelury
@%1%?»&Lff<%wbnfméo
(6.19) X LEREKTEF

L(N’ q’ 0-2‘ Cl’---! CI’H Xls---’ Xn)
n o] C.—N,
@ roh)me X, €XP {Taf%)‘} (6.21)
L5,
M%E2RFX—5 L LTEAT2HEEICRRO 2EEOETANEZ SNE, ThbS
L(N, q, M, Gz[cly-.-s Cn, Xl,.--’ Xn)
1 n1 _(C,—NP)?
BT E Tl A S

L (6.5) XoP AWV kL

} (6.22)

L(N, a, M, 0‘2|C19-..s Crs Xigwson Xa)

-1 5.1 _(Ci=Nip)?,
eI X, %0 T 165

EL (6.13) AJ (6.14) RDOP ENEZHVLHETHL, (6.21) XOM=00DET )V & Dk
i (6.23) OAVRVLY, ETALEOHDELTIE (6.22) XOAB—WHTH 2,

@R FEHR DA (DeLuryD i 2 €7 V) OLE
BERHPHRBEO LD CHEERSIGFTES DL LT 5,
In(C)) =In(NP,) + ¢ , & i~N(0, o?) (6.24)
ZZTe, (i=1,..., n) FEIZHT, DL ELERBUE (5.19) KN:ERF

L(Ns qa, GZ‘CU..M Cm Kiisaomis Xn)

1 “ L = (In(Cy) —In(NP,))?
(2 mc?) 19; G P { 2 0° ' (6.25)
L %%, DeLury®E2 €7 L1E, FREFLIEBOTP,ELT (6.4) OEMREALT
ln(C,/Xi)=ln(Nq)—Q:2‘lXj+ei (6 .26)
ELbDTHS, LIz > T LEOWHESE T VL, DeLuryD s 2 €7 MIZHYT 3,
M#HATZHBEEP, LT (6.5) REMOAERL, (6.26) RICMEHATHIEZ,
In(C/X)=In(Na) =4 ZX,~M+ (i —1)+e, (6.27)

L5, ZhiEER - BT (1982) DAELDETVICHEL Tw b,

AT of#frTik (6.11) o 2 WA ERSGLE, (6 .15) Ao 2 HAMO BT (o*F), (6.
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16) RO LIESFOIEFLEM (o*FF), (6.18) RDOEHS M, (6.21) RDODeLury®FHE 1 €70, (6.
25) KDODeLuryD 2 €7V E2FH 72,
VI-2-2 EFIELER

<Y (REEY, 1959) &4 I (FRd-J&ET, 1982) O 2 EEHOBERK S IEDT -5 %, VI-2
-10Q~@®DEF N ERO TR 21T 570 AWz 7 =8 2K IR,

Table 9. Catch and effort data.
(A) Japanese common goby (Nose, 1959)

Bata Catch in number Effort CPUE
(X108) (X10%) (X10%)

Sept. 1—-10 2.8 20 1.4
11-20 740 42 1.7

21—30 12.1 86 1.4

Oct. 1—10 7.7 67 1.1
11-20 9.5 38 1.1

21—31 5.9 66 0.9

Nov. 1—10 7:1 68 1.0
11—-20 2.2 31 0.7

21-30 4.1 50 0.8

Dec. 1—-10 2.8 34 0.8
120 2.3 24 1.0

21—31 2.8 26 1.1

Jan. 1—10 1.4 18 0.8
11-20 05 9 0.6

21—31. 0.2 4 @5

(B) Blue crab (Ishioka and Inoko, 1982)

Date Catch in number Effort CPUE

October 2 946 15 63
3 1036 17 61

4 811 15 54

5 619 14 44

6 336 10 34

7 256 8 32

8 244 7 35

9 22 9 25

10 151 5 30

11 169 6 28

12 219 7 31

13 131 6 22

14 124 5 25

15 20 1 20
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AR T (1982) 3, FHIDT—FIZBWT1IHHLHIM=0.005 LEEL THE2{T->TW3,
COZEEEEMET 570, AV IDT S BMEZEELLZVET L, MUKRANRIA—F L LIzETF
Ny RUM=0.005 LB/ 70 3TEECHRE 21T - 720

BETNDINT A—F OHEFEME E AICOM A2 10 2R, BMAE T IIE~ €Tl 2Tl\H O IFHE
ERL (o) ®T 0, PV TIEEODeLuryDE 1 EF L &k o572,

VI-3  ##H
(D2E\EBFFEFTVICDONT

RNAEDBEE 2ESAOEFRLMETVOH TR I NERICE L, TRET—FDIES5DEH2
HAMTRDLENDZ LD VP EPIEREVLOTHL, 2HEMAOEREM (6¥F) EFMICBWVT,
WEHDEDNTA—=F062, 1EDBIEIEREL A>TV EI L2 bHLLTHB,

EEEZEDRKNTETVOMERELAF 2y 7 LTETADHE 2T 22 L3, HFLLFELLAE
iRV RWI ENh D, 2EAFOTFEREMEFLOHTIEE D NENIT L b 6, [EiEEE it
FEENSWILBEBEIRETHS (R10), MK V-3HTOBRIL L IIT, TFNVEHENBELES
I ZOFEBRAE LB o e R 2, FTHSN MBI, b ET2HAMMEL L & X OIEHER
EThHb, 2HEMIA TOETAEZHAGLEE IS, FEXEL2E L GAAGHEL TL 25 faits
HBHDT, HDET N EEET 5 pAkamine ef al. (1992) D & 5 B EEERERITI 2 EMNEE L1,

2MOEEIZDWT

HHFITREMEPHERLIEBEOT T LOMIZ, MURXT A —=F L LIZET IV, LUM=0.005 IZEE L
TETNGEZ T, ETNVHEOBERIIMEEHRLBEOETVOHTEIEINREL, ME/T A—
FELTOHLRERIZEALRL EST,AICTASE EDZ2TELL>TWE,DLAZLDETNVTM
BEDHEE L ZEBMADEEZ LREL TV (R10B), BARFETSLIA%EAT 3 #0OIRILS

Table 10. Parameter estimates and AIC values for each model.
Numbers in parentheses are standard errors.
(A) Japanese common goby

N q
Model (X108%) (X107%) 6* AIC

Normal approximation of binomial 1.34 1.14 = 1.01x10°
(0.0005) (0.0007)

Normal approximation of binomial 131 1.17 6.75x10* 438.96

(with o?) (0.13) (0.17) (2.48x10")

Normal approximation of multinomial 1.32 1.16 6.77%x10* 439.73

(with o) (0.14) (0.17) (2.48x10%)

Normal distribution 1.21 1.30 257X 10" 442 .67
(0.12) (0.17) (0.94x10")

DelLury’s first model 1.25 1.24 2.19X%102 440.70
(0.12) (0.18) (0.80x10%)

DeLury’s second model 1.22 1.27 3.18x10°? 444.57

(0.12) (0.22) (1.16X1072)
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(B) Blue crab
N a M
Model (x10%) (X107 (X107®) o AIC
Normal approximation of binomial 7.63 9.46 — = 151.60
distribution (0.18) (0.40)
M is variable 6.19 11.4 —h2.1 = 150.12
(0.33) (0.5) (19.7)
M is constant 7.86 9.18 5.00 — 152.09
(0.20) (0.41) Fixed
Normal approximation of binomial 7.59 9.53 = 3.26 138.61
(with o?) (0.31) (0.71) (1.24)
M is variable 6.15 11.4 —53..8 3.03 139.29
(0.52) (0.8) (32.6) (1.15)
M is constant 7.82 9.25 5.00 3.29 138.79
(0.35) (0.73) Fixed (1.25)
Normal approximation of multinomial 7.61 9.49 — 3 29 139.79
(with ¢?) (0.35) (0.72) (1.23)
M is variable 6.72 10.9 —14.5 3.20 141.63
(1.95) (3.5) (36.3) (1.22)
M is constant 7.97 9.01 5.00 3.29 139.91
(0.40) (0.72) Fixed (1.25)
Normal distribution 7.78 9.25 = 1.39X10% 147.09
(0.47) (0.76) (0.53x10%)
M is variable 10.4 6.84 29.3 1.35x10° 148.65
(5.4) (3.72) (44.6) (0.51%x10%)
M is constant 8.12 8.84 5.00 1.38 %103 146.96
(0.52) (0.76) Fixed (0.52x10%)
DeLury’s first model 7.62 9.39 = 11.2 135.88
(0.29) (0.67) (4.2)
Equation (6.22) 723 9.92 =548 12.4 139.27
M is variable (2.04) (3.11) (31.4) 4.7)
M is constant 7.98 8.92 5.00 12.5 137.38
(0.37) (0.66) Fixed 4.7
Equation (6.23) 6.13 11.3 —56.4 9.98 136.26
M is variable (0.42) (0.6) (27.7) (3.77)
M is constant 7.86 9.11 5.00 11.3 136.05
(0.33) (0.69) Fixed (4.3)
DeLury’s second model 7.55 9.42 — 1.19x10°2 138.48
(0.28) (0.82) (0.45X1072)
M is variable 6.54 112 —16.0 1.17X10°2 140.26
(1.84) (3.9 (34.4) (0.44x1072)
M is constant 7.95 8.87 5.00 1.20X1072 138.63
(0.32) (0.82) Fixed (0.45x1072)
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EohE, Cho2BRLALBEOETLTED S22 THEITL, MPMADOE AL T3S totks
FREET200BYITCEEVLEEZSNS,

QEERET IV

EHREROSA LR, Bl ETNVRT YL > TRE S, 2D 2B OERELE T,
DeLury®E 1 €7V, FE2ET N R ELEROET TV EZEZLE T2 IR EE LWL, %L0BE
DeLury®H 1 ETVH D WIFE 2 ET Y, REDET LN ZNSGEVIEENL DT, 2OEH 57
EEZDLRITHATHD, ERRERESNTOAFMERIELLFHMEL CLvwEEZSN2, —FH2
HAEETVOBAER, HEEEEERCIIHE VR IZEN SO0, fEHERE 258/ N 2 Gk A
EV, o T2HESMET VO AHOEMEAIIEEEDHEY, 2HESMERE L BEDOETHERCS
WTiE, HAEDF xv 7 PERN2ET 3,

(4)E 7 VO YRERME

DeLury#ETIRMOEALISZ b, ABZE{LT 254 (Polovina, 1986 ; Schnute, 1983), MMA»H 2
B/E VNG - BE, 1985) ~OIRPSEASLN TV S, RLEICLIZ2HMETRINSOEALARETH
D, AOZ{PMADEELAICIC L 2 ETVHEONIE» SBRETT 2 2 LN TE 2,

BVIE # &

iy
b1
3

BEEOEMEFEFIZONT, BVIEZ TOMMERE L2 TERT %, FICERpSHVLNT
W RN 2 ik (RIEENE) ISk AHEEAEL DEVEEFET S,

VI-1 BAFCL2HEEORR

BB L AHEEDS 1 O, EHURERETVORHEMNEL Ko7l £ Thd, Bich~k X
12, FEROIEE/N 2 TR X 2N T, RED/ ST A =T IZDWTET N ERBICER £ 2130
L, T—FRZFDEbLYCERDMTESDVTVBELRET S, CNRHEOFEED-ODKE R
RETH -7z,

KED LS ICF—F HAETTAMNEILTE UL, KK LIFERELL 707 5 20/MIckD,
BEERMOD/ ST A= 2 RD B I EWARETH 5, FINEOHEEROHE X, WBLLEVETFVE
5 2 LIC X DBEYIRHEENTZ 2L OB S ERTHY, REBEHEL2FEOFEE TR L BE
LTWREFALELEFRLTWS Z L 2WEBISRL T3, ERMEUSNO 2B LE % E %
EFENCHS LR TEI20HRAEEOREARAMTHY, BIVEOHERINMBOHEE X, 2EHIM
DRERMES Z L LD BEYIRHENTZ 2 LB EHITH 3,

DT O DREFREBICLE L L 5522 8T, fERZALZICTHONT S - FEE2 IR
D/S Z L bAREE oz, BIZIZEERK T -2 %2 b 2, BIRE, BEMREK, BARECHREz Y
EHET 2 HELLTE, BEVE TR 2 EER R, $VIE TR - 72DeLury#s, B & 073k — bEHT
(RHETRI O Fbaro7:) bbb, Ihe 3DO0AER, WIFRLHULBEYEZ,

F,
F,+M
DOEARRICLY, BEEKC 0T -2 L2 UANOFIA R ERE A TRMD /NS X —5 2HET

=1

[1—exp {—(F,+M))}] exp {— = (F;+M;)} (7.1)

i
i=1

Ci=N
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250THD (CFEH, 1990b), FIATEELBROEOHZNZNOFEOERITHIGL T 5, HEHHE
T, FRERCOT—5 iz, VIHEREEN (BREH OfRICEDFEMEHES 2.
DeLury¥: T3, WERHCOT — 2 CHZBEESNEXO T 3AV SR, 25ICM=02MRES N
ZRMER D, WET 289 A —F IIN LEERERATH S, I-— MEFTE, Y7 rak—
Wie~nFam— MENTEDRL 205, EANICIEERKCO T — 212z BRI REMHRE
&h, REID/$FA—FNEF RHEET 2,

rtEEFEDBE

T =% EIRE RENT A =%
R Ci N F, M
DeLuryi% Ci, Xi, M=0 N, d
Ik — b fEAT Ci M N, F,
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