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Fig. 1: Procedure to estimate population-at-length from catch-at-length: When

VPA is used, twice conversions between age and length are needed, while
LPA can estimate population-at-length directly.
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Table 1: Notation

Notation Definition
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Maximum age in calculation

Age

Catch number

Width of length classs

Fishing mortality

Fishing mortality at terminal age.

Fishing mortality on year

Number of length classes

Length class

Length class at year j+ 1

Length class at year j

Full recruited length class

Number of year in calculation

Year

A parameter of von Bertalanffy’s growth curve
A parameter of von Bertalanffy’s growth curve
Body length

Natural mortality

Population in number

Matrix indicating relationship of the length compositon
at year j + 1 and at yearj

Number of recruitment

Selectivity

Standard deviation of the body length at age a
A parameter of variation around a growth curve
A parameter of variation around a growth curve
Coefficient of variance

Sum of square residuals
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Table 2: Parameter sets of data generator without errors (A series) and with errors (B series).

Parameters A series B series
J 10 10
A 5 5
R 5000 5000
CVrg 0 005
M 0.62 0.62
CVu 0 0.05
d 10 10
I 10 10
fi 0.3 0.3
CVy 0 0.05
S 1.0 1.0
CV, 0 005
CVg 0 0.05
Lo 130 130
K 0.25 0.25
CVir, 0 0.05
CVk 0 0.05
Q¢ 0 0
Be 0 0
Estimation of matrix P method 1 method 1
n 100 100
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Table 3: Parameter set used for acuracy comparison

J 10

A 5
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CVuy 0.05
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I 10
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Lo 130
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Estimation of Matrix P method 1
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Table 4: Statistics of the populations at 5th year and 6th length class estimated from 50 sets
sham data by ALK + VPA, LFA + VPA and LPA

ALK +.VPA LFA + VPA LPA

mean 0.1002 -0.0864 0.0246
s.d. 0.1599 0.1561  0.0977
min. -0.3322 -0.3360 -0.1240
10% -0.1413 -0.2292 -0.0730
25% -0.0155 -0.1793  -0.0440
50% 0.1423 -0.0987  0.0095
75% 0.2092 -0.0378 0.0670
90% 0.2839 0.0375 0.1410
max. 0.3576 0.5881  0.4500

N=DIzx L, LPA%Z RW723541350% 24450.0095 , 1H/hSWlExRL, ek
DFELY IR INENZ LITRENT,

¥ 7, HEEMOEERZE D ALK+VPAD0.1599, LFA+VPAA%0.15614<xf L,
LPAIZ0.0977& 22 b, LPAOISEEHALK+VPA, LFA+VPAL D B\ T & AUR
ahiz,

5480, %1 KERE,SEIVERRRICINT S, TR EROHEOHNRE
O % Fig. 23~251R L7z ALK+ VPAIRMEEDITA & < % % 125> GEKEHMA,
LFA+VPAIZB/NFi % 3 A EMICH HOICH L, LPARRBESKZICE o TIXEY IS
N ASE, 72, 50% 20X 0.1 E > T B,

%6 hERKZD 1 EHPSI0EBIINT S, FhEFROFEICL 2HEEHEOMN
wEDSAk Fig. 26~2810R L7z, ALKIZ #1250%52%50.1% 2 2, BKICE-
THEEN TS, LFA+VPA X 14EHD S 84 H T Tidb0% HA°—0.15I% TdH
%75, 9EHIZEIED, 14EHIZ0.7EKREAKFFML TV5%, LPAIZ14EB
25 84EH T TH0%HA+0.061CNFE D, ~FRo7210EHORERTH50% A1,
—0.1485&, ML FEL DS,

ALKZ# AV 53561, 100EEOEREELXTToT5, EFBMEEIIBITHRE
BENWHDLELTWEOT, BEYOEREARICETNIERER, > T) VIR



0.7
0.6 [ -
0.5 °
0.4 8 ° I
0.3 I
0.2 o T
0.1 e I

0 r

-0.1 4 ¥ -

-0.2 4 ° I

-0.3 o ° ° F

0.4 -

ALK+VPA LFA+VPA LPA

Fig. 22: Relative errors of the populations at
5th year and 6th length class estimated
from 50 sets sham data by ALK+VPA,
LFA+VPA and LPA
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Fig. 24: Relative errors of the populations at
5th year estimated by LFA+VPA.
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Fig. 26: Relative errors of the populations at
6 th length class estimated by ALK+
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Fig. 23: Relative errors of the populations at
5th year estimated by ALK+VPA.

Fig. 25: Relative errors of the populations at
5th year estimated by LPA.

2 o
1.5 4 ol
19 R
B o
e © ° o o
0.5 o -
e o ° o
Q o
0 4 |
0.5 % |
o
-1 .

i1 j2 3 j4 j5 j6 j7 j8 9 jio

Fig. 27: Relative errors of the populations at
6 th length class estimated by LFA+
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Fig. 28: Relative errors of the populations at
6th length class estimated by LPA.
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Fig. 31: Age-length relationship obtained from the yearly rings of Abalone collected
in the protection area of Konoura from July to November 1990 and from
July to September 1993. The points indicate average and the vertical bars
mean standard deviations.

@i sk

HEY OREME DR E100m % FE 5 REOHER S LB D o 7-4°, BEEF
B, ERERIRESARETCH LI ENTFRENLZEPLT— 5 2L B
L7zo 72, 3L ALOREBEBREOMU T TH oz, £2T, HERESIZ100mm
25 5m30l40mETHIRRZEL L, 140mi B2 2EGIRZEOLERR
(140mm+) IZ&®H72,

HhENBERL, UTOFHRICL VRSN,

P, F—7 L LTHELNTVATHRARICL 20EYOREL, LEEOKER



Table 5: Age-length relationship obtained from the yearly rings of Abalone collected in the
protection area of Konoura from July to November 1990 and from July to September 1993.

Age mean s.d. N
(mm) (mm)

35.0 6.8 110
41.2 9.9 195
53.1 9.8 238
70.1 10.8 232
83.1 12.3 180
876 118 84
90.4 12.1 32
97.9 10.9 12
109.1 15.0 6

© 00 ~J O U1 = W N

BTz, KIZ, BoNTwS, hEEAEOBFRR (8, 1991)
w, = 9.209X 10 °g2® 66
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Ci,j - zizjci_j 67)

DEDFMIZ XY RD S NIz, RIEERE A% Table 6 IR L7z,

79 P i, HEE1 22028 OFETHERL,

BONTVEEEEROLETORE (Tableb, Fig 31) 2 iz, AElicko
TRDSN24TH P 2Table TIZR L7,

CoFER, RRICETS S SELNELIRL, SEAOSZBTORELZE
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Table 6: Catch-at-length in number in Konoura area. Values with f are calculated by interpo-

lation.
Year

Length class Mean weight(g) 1986 1987 1988 1989 1990 1991 1992 1993
100-105 130.32 5573 4288 6543 8963 2081 4963 4278 5109
105-110 150.76 5495 6979 10211 8327 11014 11820 8146 10066
110-115 173.26 6430 4903 7276 4909 8958 8680 6098 6622
115-120 197.91 3079 3581 3974 4074 6515 4871 3504 3027
120-125 22481 3702 2522 2629 2305 4030 3116 2048 1362
125-130 254.08 1052 1414 2018 1828 2415 1824 1138 833
130-135 285.81 1013 716 1101 576 1560 1108 683 341
135-140 320.10 312 456 245 735 773 669 410 151
1404 376.56 468 821 573 278 1008 231 546 227
Total 27123 25680 34570 31996 39254 37282 26848 27738

Table 7: Matrix P obtained using method 1.

Length class at year j

100 106 110 115 120 125 130 135 140
Length class l l { l l l ! l +
atyear 5+ 1] 105 110 115 120 125 130 135 140
100 - 105 0 0 0 0 0 0 0 0 0
105 - 110 { 0.111 0 0 0 0 0 0 0 0
110 - 115 0 0.111 0 0 0 0 0 0 0
115-120 { 0.213 0213 O 0 0 0 0 0 0
120 - 125 0 025 025 O 0 0 0 0 0
125 - 130 0 0 1 0 0 0 0 0 0
130 - 135 0 0 0 05 05 0 0 0 0
135-140| O 0 0 0 0 1 0 0 0
140 + 0 0 0 0 0 0 05 05 O
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£, = —7598+0903¢,, (N = 823,r = 092) 69
&%y, HE (ttest, P < 001) M LD T, ZOMFEEAV, Fig. 3212,
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&y, HE (t-test, P<001) (CHBEL7-DT, ZOBE%E AV, Fig. 3312,
COBFERLI,
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Table 8 Matrix P obtained using method 2.

Length class at year j

100
Length class l
at year j+1 | 105

105

l
110

110
L
115

115

{
120

120

l
125

125

l
130

130

l
135

135
{
140

140
+

100 - 105 | 0.057
105 - 110 | 0.093
110 - 115 | 0.126
115 - 120 | 0.147
120 - 125 | 0.150
125 - 130 | 0.136
130 - 135 | 0.113
135 - 140 | 0.086

140 + | 0.061

0.028
0.056
0.089
0.121
0.142
0.146
0.135
0.114
0.088

0.012
0.028
0.054
0.086
0.117
0.137
0.143
0.134
0.114

0.004
0.012
0.028
0.053
0.083
0.112
0.132
0.139
0.132

0.001
0.004
0.012
0.028
0.052
0.080
0.108
0.128
0.136

0
0.001
0.005
0.013
0.028
0.050
0.078
0.104
0.124

0

0
0.002
0.005
0.013
0.028
0.049
0.075
0.101

0

0

0
0.002
0.005
0.013
0.027
0.048
0.073

0

0

0
0.001
0.003
0.008
0.022
0.050
0.098
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Table 9: Estimated population-at-length in Konoura area using method 1.

Size Class Year

(mm) 1986 1987 1988 1989 1990 1991 1992 1993

100- 105 5140 6783 7964 8744 8923 7539 8071 7848
105- 110 10534 9749 12327 13920 14859 12473 11063 13620
110- 115 6612 12632 5433 12290 9691 10100 9778 8987
115- 120 2729 2163 7635 1284 9382 3271 1463 3894
120 - 125 1971 1751 5087 1022 6291 2109 1046 1941
125-130 1497 1020 3292 588 25567 1020 1098 1578
130- 135 3239 998 1384 1879 757 2382 685 509
135- 140 1558 620 555 1125 308 887 322 444

140 + 785 1835 849 588 1506 329 900 374

Total 34069 37555 44531 41444 54277 40112 34430 39200

Table 10: Estimated population-at-length in Konoura area using method 2.

Size Class Year

(mm) 1986 1987 1988 1989 1990 1991 1992 1993

100 - 105+ 9783 11042 12283 12456 12840 10935 10355 11706
105 - 110 11484 12241 15080 14365 16351 15019 12062 16036
110- 115 8633 9017 11264 10689 12187 11063 8221 10223
115- 120 5688 5807 7210 6946 7704 6857 4735 4710
120- 125 3877 3777 4729 4623 5005 4528 2783 2052
125- 130 2413 2236 2759 2806 2871 2665 1483 1255
130 - 135 1469 1279 1548 1660 1582 1557 781 510
135 - 140 819 663 i 898 773 829 370 225

140 4+ 791 1505 910 481 1533 320 843 374

Total 44962 47571 56562 54928 60850 53777 41638 47095
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Fig. 34: Estimated population of abalone in Konoura using method 1 and method 2.

2.5+

—8— method 1

—o— method 2

| 1 1 |

| | | ]
1986 1987 1988 1989 1990 1991 1992 1993
Year

Fig. 35: Estimated fishing mortality on year of abalone in Konoura.
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Fig. 37: Comparison of the population in Konoura estimated method 1, method 2
and estimated by Zhao et al.
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Fig. 38: Retrospective analysis of the estimated population of abalone in Konoura
using method 2.
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Fig. 39: Retrospective analysis of the estimated fishing mortality on year of
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Fig. 43: Catch-at-length of walleye pollack in Funka bay.



Table 11: Catch in weight in the western area of Hokkaido. Aggregated from April to March

in ton.

Year Gill net Trawl net Set net Total

1971 62873 5819 0 68692
1972 49745 3518 0 53263
1973 87015 1950 0 88965
1974 67104 2931 0 70035
1975 49440 4022 0 53462
1976 39024 3808 0 42832
1977 64068 5180 0 69248
1978 41744 4683 0 46427
1979 44266 2565 0 46831
1980 46592 12796 0 59388
1981 60492 5507 0 65999
1982 34120 11710 0 45830
1983 50610 8156 0 58766
1984 88220 7634 0 95854
1985 89572 12529 7101 109202
1986 82133 13998 2970 99101

Table 12: Body length of walleye pollack caught in Funka bay and measured in 1984.

Age mean s.d. N
0 698 275 273
1 170.7 19.1 586
2 2385 228 201
3 3320 261 417
4 3742 16.6 1564
5 4043 155 865
6 4269 174 314
7 4468 21.7 89
8 4678 244 31
9 4829 40.6 15

10 519.0 69.5
11 485.0 1
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Table 13: Matrix P obtained using method 2.

Length class length class in year j

inyear 5+1 25-30 30-35 3540 40-45 45-50 50-55 55+
25-30 0.012 0 0 0 0 0 0
30-35 0.722 0.049 0 0 0 0 0
35-40 0.089 0.764 0.147 0 0 0 0
40-45 0 0.025 0.646 0.327 0.002 0 0
45-50 0 0 0.005 0.430 0.552 0.013 0
50-55 0 0 0 0.001 0.220 0.728 0.052
554 0 0 0 0 0 0.084 0.916
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Table 14: Estimated population-at-length (thousant)

Size class Year
(cm) 1971 1972 1973 1974 1975 1976 1977 1978
25-30 62773 97372 35802 21383 67069 74477 51426 56132
30-35 43141 87257 74058 10724 38557 83926 57377 45208
35-40 48747 53359 83884 25502 17521 59625 62538 42271
40-45 47635 30362 67521 53356 6413 28588 66503 43047
45-50 8563 7401 8485 5476 2195 1443 13031 11351
50-55 8420 1945 3407 1693 773 989 564 4877
554 1075 1974 661 534 176 270 380 75
Total 220354 279670 273816 118666 132705 249318 251818 202961
Size class Year

(cm) 1979 1980 1981 1982 1983 1984 1985 1986
25-30 80026 70910 68690 76172 119696 165394 190503 53991
30-35 63766 68274 55190 70161 82472 126017 117632 121038
35-40 48016 68076 58063 57316 65078 104849 138360 158609
40 - 45 33567 46260 48070 38573 54241 61457 86279 74363
45 - 50 8015 4713 5225 5820 13153 13157 4159 5572
50 — b5 4108 2370 1023 1347 2694 5796 2802 560
55 + 1420 1012 428 183 454 835 983 341
Total 238917 261613 236689 249571 337787 477505 540718 414475
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Fig. 46: Estimated population of walleye pollack in Funka bay
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Fig. 47: Estimated fishing mortality on year of walleye pollack in Funka bay

over 25 cm T. L.
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Fig. 48: Estimated selectivity of walleye pollack in Funka bay over 25 cm T. L.

Selectivity is standardized as selectivity in 35-40 cm length class to be 1.
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Fig. 49: Retrospective analysis of the population of walleye pollack in Funka bay

over 25 cm T. L.
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Fig. 50: Retrospective analysis of the fishing mortality on year of walleye pollack
in Funka bay over 25 cm T. L.
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Fig. 52: Comparison of population of walleye pollack estimated using LPA (over
25 cm) and using VPA calculated by Hakodate Fishery Experimental Centre
Muroran Branch (over age 4).
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X. Summary

Virtual Population Analysis (VPA) and cohort analysis are widely used
for estimating fish population size from catch-at-age data. Generally age
determination is so laborious that catch-at-age is determined from catch-
at-length data. Errors in this conversion, however, can be significant.

Fishery managers often control the selectivity of fishing gear. To manage
fish stocks, the managers need population-at-length estimates instead of
population-at-age. Another conversion is needed to estimate population-at-
length from population-at-age, which is calculated from catch-at-age using
VPA. Estimation errors in this conversion can also be significant. If
population at length can be estimated directly from catch-at-length, these
two conversions can be omitted, and thus the estimation accuracy will be
improved.

Jones (1984) proposed a VPA method based on catch-at-length. This
method estimates population-at-length by aggregating catch numbers during
the periods that an average growth curve passes length classes. Because
these periods are not equal, one must assume an equilibrium state for the
population and the catch. This assumption limits the situations that this
method can be used.

Shirakihara and Tanaka (1982a,b, 1983, 1984) analysed the population
dynamics of sperm whales. In his analysis, he made a model of population
dynamics, including models of reproduction and transition of length
composition. The latter model is similar to a population estimation process
based on catch-at-length. This method calculates the population size from
recruits to adults. For whales with fairly stable recruitment, this method
will be effective. But for fish with unstable recruitment, recruitment can
not be accurately estimated and, thus, this method can not be used for
population estimation.

In this study, I present a new method of population estimation based
on catch-at-length called Length based Population Analysis or LPA. LPA

estimates population-at-length from the largest to the smallest length class,



by avoiding the estimation errors of recruitment. I also examine the validity
and accuracy of LPA using computer simulation
Length based population analysis

LPA is modified from separable VPA using catch-at-length data. When
one uses cafch—at-age in population analysis, the simple rule is to assume
that a fish was 1 year younger during the previous year. However, when
one uses catch-at-length, it is not so simple. Fishes that belong to a certain
length class in one year, might have had different length in the previous
year, so these fishes are divided into plural length classes.

Data required to estimate the population-at-length by LPA are natural
mortality M, catch-at-length for length class j at year : C;;, and matrix
P.

Matrix P is a matrix in which the (j, k) component is the probability
that the individual at year ¢+1 in length class k& belonged to the length
class j. If the history of growth is available, this probability is estimated
directly from growth data (method 1). In the population analysis of
abalone mentioned later, growth history can be determined from shell rings.
If growth history is not available, this probability is estimated from the
average and variance of length at each age (method 2 ). In the population
analysis of walleye pollack, also described later, this method was used.

The LPA procedure is as follows. First, give initial values for yearly
fishing mortality, /() and for selectivity §(i). Selectivity is assumed to
be constant and independent from the year. Fishing mortality F‘,, 1s given
as the product of f() and §(i). Total mortality Z;; is given as the sum of
F;; and natural mortality M.

Calculate the population of all length classes for the most recent year
data was collected, and for the largest length class for every year data
was collected from observed catch-at-length C;;, fishing mortality F,; and
total mortality Z~,-,,-. Then calculate the population-at-length 1\7,, for the
previous year using matrix P and Z;; sequentially. From N,;, F;; and Z,;,
calculate the expected catch-at-length for each year C,v,,-. To compare

estimates with the observed catch, calculate the sum of square residual



SS and minimize SS using a non-linear optimization method, suchas the
simplex search method. When SS is minimized, the parameters @, s
and F,;, N,; are the final estimators.

Validation of LPA using simulation method

Factors such as natural mortality and growth will fluctuate in relation
to biological and physical conditions. Fishing pressure and fishing-gear
selectivity will also fluctuate. To examine the effect of these fluctuations
on the estimators, I developed a data generator to generate sham catch-
at-length data with various fluctuations. I examined the validity by estimating
population-at-length from the sham data using LPA, and compared the
original population set to the generator and estimators from LPA.

First, I generated sham catch data without any fluctuation, and estimated
population-at-length by LPA. The estimate of population-at-length was
very close to the estimate of the original population. When fluctuations
are added to yearly fishing mortality and selectivity, the estimators are
not largely biased. For fluctuations in natural mortality, the estimators
are robust.

These results suggest that LPA is robust for various fluctuations that
will occur in real catch data.

Comparison with the former methods

Formerly, to estimate catch-at-age from catch-at-length, Age Length Key
(ALK) or Length frequency analysis (LFA) has been used. From the
estimated catch-at-age, population-at-age has been estimated using VPA.
Then, population-at-length has been estimated by converting the population-
at-age to population-at-length.

To compare these two former methods with LPA, populations at length
were estimated from sham catch-at-length data using ALK and VPA, LFA
and VPA, and LPA.

From the sham data that included a C.V.5 % fluctuation in all parameters,
the 50% point of the relative error in the estimate of the population for
the 5 th length class in the 6th year was smallest for LPA (0.009) followed
by LFA and VPA (-0.0987), and ALK and VPA (0.142).



These results suggest that LPA performs equally well or better than the
former methods.

Application for abalone fishery in Akita prefecture

To examining the validity and effectivity of LPA for an actual population,
I applied LPA to the abalone diving fishery in Konoura, Akita prefecture.

Annual rings of 356 shells of abalone caught in this area were measured
and matrix P was calculated using method 1. I also calculated the matrix
using method 2. Catch-at-length data was generated from the length
composition data recorded by the Institute for Fisheries and Fisheries
Management in Akita prefecture and catch numbers in 1986 to 1993. Natural
mortality was set at 0.102;, as estimated by the Institute for Fisheries and
Fisheries Management.

Using method 2, the estimated annual number of abalone with a shell
length greater than 10 cm ranged from 44,000 (1987) to 68,000 (1990).

The population dynamics are quite similar with the estimates of Zhao
et al., who used ALK and VPA in the same area. The results of retrospective
analysis indicate the estimates were stable.

Application for walleye pollack fishery in Funka Bay

I next examined the gill-net and trawl fishery of walleye pollack, Theragra
chalcogramma, whose spawning ground is in Funka Bay in the southwestern
part of Hokkaido. I used the length composition data recorded by the
Muroran branch of the Hokkaido Hakodate Fisheries Experimental Station
from 1971 to 1986. Matrix P was calculated using method 2 from the age
and length data of 4460 individuals measured in 1984. Natural mortality
was set to 0.3, the value calculated by VPA for the walleye pollack in this
area.

The estimated annual population size ranged from 195,000,000 (1978) to
513,000,000 (1971). The estimated parameter of the gear selectivity increased
rapidly at 35 cm, which agrees to the real selectivity of the fishing gear
used this area.

For a population with an unknown growth history, it is suggested that
LPA is applicable.



Conclusion

From the results of both simulation and application, it is suggested that
LPA is valid and effective method to estimate population-at-length from
catch-at-length data. For populations that are difficult to age, it is possible

to estimate population size using LPA.
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