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Introduction

Since 1931 (Schmidt, 1931}). the migration of Atlantic cod (Gadus
morhua L.) from West to East Greenland and further to the spawning
grounds in Icelandic¢ waters is known. Following the definitions of
McKeown (1984), the migration of the cod off Greenland is
clasgified to a long-distance oceanodromous migration. The
information about this migration derived from extensive tagging
experiments is limited to the main route and covered distance
{Harden Jones, 1968), whereas quantitative migration rates are not
derivable.

In detail, the migration is regarded toc be a one way migration of
mature cod from West to East Greenland and further to Iceland.
Tagging experiments proved that also mature cod and sometimes
immature cod migrate from East Greenland to Iceland {(Anon., 1973).
On the contrary, a migration of cod from ZIceland to Greenland
hardly occurs. Therefore, the Working Groups of the ICES and NAFOQ
designate the interrelation between these stocks as a complex
(Anon., 1989). Particularly as on easy hydrographical conditions a
larval drift with currents from Iceland to Greenland seems evident
(Hovgard and Messtorff, 1987). The variation of the contribution
of this larval drift to the recruitment of the cod stocks off East
and West Greenland is reflected by the abundance indices from the
Icelandic O-group survey {(Vilhjalmsson and Magnusson, 1986).

The assessments of the cod stocks off East and West Greenland are
carried ocut separately. They are based on annual groudfish surveys
egstaplished by the Federal Republic of Germany in the beginning of
the 1980-89 decade. Eoth asgessments are affected with unknown
emigration and immigration rates. Due to the non assessable loss
of emigrants, VPA-calculations of the cod stock off West Greenland
were rejected so far. Nevertheless, in 1990 the ICES Working Group
on cod stocks off East Greenland decided to use a VPA
incorporating a constant emigration coefficient of E=0.15 in order
to assess the cod stock off West Greenland (Anon., 1990). This E-
value and the total mortality rates Z were chosen in order to
validate the required number of immigrants in the assessment of
the cod stock off East Greenland in 1990. In the author's opinion,
the reconstruction of the yearclass strengths of the West
Greenland cod stock by this procedure 1is not practicable,

since the chosen E- and Z-values are not measured directly and
they produce nothing but the wanted figure of immigrants for the
assessment of the ¢od stock of East Greenland.

Additionally, the VPA of the cod stock off West Greenland
calculated by the ICES Working Group seems to be doubtful on the
accouqt of bioclogically improbable presumptions. The coefficient
of emigration is not only assumed to be E=0.15, but E is also
expected to be constant for all cod at an age of 5 years and older
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and for all years taken into consideration. For this reason, the
presented VPA is compared to a new calculated VPA with regard to
increasing -emigration coefficients .with increasing age. The
coefficients of -‘emigration :applied 4in the second VPA are
determined by the utilization .of typical otolith formations as a
natural tag (RAtz, 1989%).

Materials and Methods

The applied VPA~calculation follows the method of cohort analysis
{Pope, 1972) and the method of virtual population ‘analysis
{Gulland, 1965) as described by Rivard (1982). Both VPAs of the
cod stock off West Greenland, the VPA incorporating constant
coefficients 1if emigration as well as the VFA distinguished by
increasing coefficients of emigration for older age gygroups, are
calculated using the catch in numbers statistic given in the last
report of the Working Group off cod stocks off East Greenland
{tab. 1). Additionally, the chosen natural mortality amounts to
M=0.2 for the cod at an age of 5 years and older, whereas the M-
values of the youngest age groups 3 and 4 are increased to M=0.3
due to discards for both VPAs. The chosen terminal F-values are
identical for both VPAs too and 1listed in tab. & and 9,
respectively.

As mentioned .already., the VPR presented by the Working Group
incorporates a constant coefficient of emigration E=0.15 for the
age groups 5 and older and for all years from 1975 till 1989. On
the contrary, the new calculated VPA takes the coefficients of
emigration E into consideration as given in tab. 2. In this matrix
the E-~values of the years 1984 and 1985 are observed directily.
During 1984 and 1985, the coefficients .of emigration are estimated
by the utilization of typical otolith structures as a natural tag
(Ratz, 1989). The method of otolith typing ‘enables the
identification of the adolescent areas of West and East Greenland
with an error of 20 % on individual basis supposing no further
emigration from East Greenland to Iceland. Regarding the ‘remaining
years of the second VPA, the relative high E-values observed in
1984 are chogen for the period from 1975 till 1989.

The numbers '‘of emigrants derived from 'both VPAs -are -determined.-by
the formula

nos. emigrants = E / Z * (1 - EXP (~%))

The calculated emigrants are compared to the figures of immigrants
of the cod stock off East Greenland, which are calculated from the
annual groundfish survey (Anon., 1985, 1987, 1989, 1990).

Results

The calculated numbers of the cod stock off ‘West Greenland of -both
VPAg distinguished by different  coefficients of emigration -are
nearly identical. Fig.l and ‘tab.3 give the numbers of individuals
as calculated from the first VPA -lconstant -coefficients of
emigration) .presented by the Working Group on cod stocks off 'East
Greenland, whereas the strengths of the age groups resulting from
the second VPA (increasing coefficients of emigration) -are
illugtrated in fig. 2 and listed in tab. 4.

In contrast to the calculated numbers of individuals, the computed
figures of emigrants differ widely from one another. The numbers
of emigrants for both VPAs are shown in fig. 3 and 4 -and -entered
in tab. 5 and 6, respectively. The most remarkable feature of the
emigration pattern resulting from the 'VPA presented by the ‘Working
Group is the computation of 32 million emigrants of the year class
1984 in 1989 (fig. 3). This result was the motive for the choice
of the coefficient of emigration of E= 0.15, During the :period
from 1975 till 1989, only the remaining strong year classes 1973,
1977 and 1979 show a pronounced emigration, but the cohort 1984 is
far dominating. At an age of 5 years the emigration of the
individuals starts suddenly and decreases strongly with increasing
age.




The emigration of cod derived from the second VPA (increasing
coefficients of emigration) is characterized by a more difficult
migration pattern (fig. 4}). In 1989, the emigrants of the 1984
year c¢lass amount only to 15 million, but their dominance is less
pronounced than in the first VPA. In particular, the strong cohort
1973 as well as the year classes 1377 and 1979 show remarkable
numbers of emigrants. The great majority of the cohorts have a
typical emigration pattern in common with. The numbers of
emigrants are increasing with age and reach a maximum value at an
age of 6 years, Thereafter, the emigrants are decreasing in the
age group 7. '

The total numbers of emigrants calculated by the VPAS are compared
to the numbers of immigrants derived from the results of the
ground fish survey of the cod stock off East Greenland, assuming
that the emigrants of the cod stock off West Greenland are
equivalent to the immigrants of the cod steoeck off East Greenland.
This comparison <considers the age groups 6+ only. The
corresponding figures are illustrated in fig. 5 and given in tab.
7. The estimated emigrants by means of the two VPAs .are different
(fig. 5, bars of the second and third row). The numbers of
emigrants calculated with regard to the increasing coefficients of
emigration (second VPA) are considerably higher (fig. 5, dotted
bars in the last rowl}.

In the years 1984 and 1985, directly determined coefficients of
emigration are availlable and applied to the second VPA. In this
period, the agreement between the survey results and the second
VPA is remarkable (fig. 5, black bars compared to dotted bars}.
Additionally, the years 1983, 1986 and 1988 are characterized by a
good agreement between the numbers of emigrants of the survey
results and the second VPA, whereas both emigration models applied
to the VPAs do not fit with the emigration of the recent year
1989. :

Discussion

The assessments of the subarea 1 cod stock by means of both VPAs
are nearly - identical, although different coefficients of
emigration are applied (fig. 1 and 2). The constant coefficients
of emigration amounting to E=0.15 as well as the increasing
coeficients E as given in tab. 2 produce negligible differences in
the strengths of the year classes over the life-span of 10 years.

The first VPA presented by the Working Group on cod stocks off
East Greenland (Anon., 1990; constant coefficients of emigration)
results in a very simple emigraticn pattern, which depends on the
strength of the c¢ohorts only. In fact, both models disregard
possible important migration factors determining the transport of
individuals. 1Imaginable migration factors are the chanceable
environmental conditions (temperature) or the availability of
food. Consequently, the calculated numbers of emigrants of the age
groups 6+ by the first VPA do not correspond with the observed
numbers of emigrants derived from the groundfish surveys (fig. 5).

In contrast to the first VPA, the second VPA presented in this
paper (increasing coefficients of emigration) takes the maturation
inte account as a possible starting mechanism of the migratory
behaviour of the cod. Following the general concept of £fish
migration developed by Harden Jones {(1968), the presumption is
obvious, that the migration of the cod off Greenland beginning at
the age of 4 years is a matter of the homing phenomenon. This
phenomenon designates the impulse of the movement back to the
location of the own origin. In conformity with the process of
maturation, the increase of the coefficients of emigration with
increasing age seems explainable. The good agreement between the
emigration model applied to the second VPA and the observed
numbers of emigrants derived from the groundfish surveys in the
years 1984 and 1985 (fig. 5) validates the directly estimated
coefficients of emigration by means of otolith typing.
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The correspondence between the emigrants estimated by means of the
second VPA (increasing coefficients of emigration) and the survey
results is generally higher than the agreement between the outcome
of the first VPA (constant coefficients of emigration) -and the
survey results. However, the discrepancy of both emigration models
and the numbers of emigrants derived from the survey in 1989
demonstrates the importance of the direct determination of the
coefficients of emigration. For the present, the assessment of the
cod Btock off West Greenland by means of a VPA ‘seems hot
recommendable, due to the year to year variations of the
coefficients of emigration.
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Tab. 1 Cod Stock off West Greenland (Anon., 1990). Catch in
numbexrs {n+*1,000).

age 7ear1d7% year1876 yearl377 feariS?0 year{979 yeari3N0 year1dsl yoaritdi
0 75,0 10760.0  B34Le 20T.0 1860 29990 110 126400
4.0 J535.0  4026.0 4R649.0  S4%4.0 10856.0 d513.0 16440 1210.¢
5.0 2677.0  2243.0 68510 30039.4 13505.0 45800 6310 17%60.0
6.0 1003.0  12i6.0  1515.8 10040 §8970.0 1970 2391.0  2985.¢%
1.0 Se55.0  302.0 6100 5090 TO%.0  BOI4.0 105).0  2070.0
1.0
3.0
8.0
1.t
1R

4

13080 1594.0  435.0 $3.0 d00.0 1250 33sa.¢ 107.0
€19.0  139.0 6.0 1.0 1.0 9.0 65,0 610.0
LWL T U1 N B LT 13.0 5.0 w0 65.

0.0 5.0 9.8
3.0 M0 1108 1

5.0 5.0
55.0 1.¢ 1.0 LN
5.0

10,
- 0
1 00 106.0 .0 . it

.

age rear1S1) year1984 year1935 year19ne year1907 year198s year1989
1.0 7.0 §95.0 560 12,0 6260 4330 0.0
60 133560 20100 1266.¢ 113,00 UTELD @9766.0  10442.0
5.0 20110 100M.0 1303.0  706.0  415.0  1060.¢  T4960.0
6.0 17723.0 6300 49150 3140 10000 497.4 £88.0
1.0 15010 J656.0 161,80 1190.06  641.0  GdE.0 101.0
e 9950 106.0  T750.0 1.0 1037.0  81%8.0 191.0
9.0 .0 2650 .0 10 1.0 ML 195.0
10,0 M0 97.0 140.0 $0.0 5.0 .0 .0
11.0 3.t #9.0 15.¢ 1.0 1.0 8.8 1.0
1.0 .0 3.0 1.0 5.0 1.0 1.0 69.0

Tab. 2 Matrix of coefficients of emigration E as applied in VPA 2.

age Jear1375 year1976 year1977 yearl4Ts yearl979 year1984 yearl9sl yearistl -
3,0 0.000  0.000 0,000  b.ed0  0.000 0,000  0.000 6000
4.0 06,030 0,030 0,030 0000  0.8)0  0.030  0.030 0,030
5.0 6.070 0,070  0.070 9,070  0.070  0.070  9.07¢ 0.070
6.0 0.35%0  0.250  0.790 0,250 0,250  0.350  0.250 0.25¢
e 0,650  0.850  0.650  0.8%0  0.650 0,650  0.650 .65
0.0 0.000 0,500  0.000 0.000 0000 0.000 0.000 0.000
9.0 0.800  0.00¢  0.000  o.000  0.008  0.000 9,000 0.000
0.0
1.0
2.0

10, 0.000 0.000 0,000 0.000 0.000 0.000 ¢.000 9.400
11, 0.400 0,000  0.000 - 0.000  0.008  g.000  0.000 0.400
1 0.000 0.000  0.600  O.000  0.000  0.000  0.000 0.000
age yearldd) yelrlsll year1985 yearl986 yearlS87 year1330 yeari$ty

1.0 o000 000 0.000  b.to0  0.000, 0.000 0.000

L0 0.0 u.an 9.020 0,030 0.038  0.000 0.630

5.0 0.070  6.070  D.000 g.070  €.070  9.070.  0.070

6,0 0,250  0.250  0.090  0.250  $.250  0.2%0 0.250

1.0 0.65¢ 0,650 9,130 0.65¢  9.650  €.650 0.650

3.0 0.000 o.000  0.000  Q.000 0.000  0.000 0.000

9.0 0.000 0,000 0000 o0.00¢ 0.000  ¢.000 0.00¢
10.0 0,000 0.000  &.00¢ 0.000 0000  ©.000 0.00¢
11,0 0,000 Q.00  0.000 0.000  0.00¢  0.000 0.000
1.0

0,008 0.000 0,000 p.000  0.000 0.080  0.000



Tak. 3 Stock assessment by means of VPA 1 (constant coefficients
of emigration). Numbers (n*1,000). )

we oyl yearl$T peari? pearl®T0 peariSTS yeariS0  yearidl  yearlti2
3.0 e i 55854.0 55919.0 5000 MBISYLD 9656.0 56080.0
{0 174800 1982000, 182407.0 10834.0 [}5RT W6t 105T05.0 UK
5.0 1830 101318 113520 102056.0 15559.0 LN 1716879 63920:0
6.0 19600 3002.0 5340 1812.0 76708 7.0 - (ke 610
1.0 10963.0 13110 ik 1500.0 12%6.0 14015.¢ 866,40 $002.0
1.0 s 2966.0 $78.0 6.0 13109 LN §151.0 1854.0
5.0 1273.0 1.0 1950 115.¢ 1340 §14.0 135.0 1591.0
0.0 §20.0 EL PN 5.0 199.0 $1.0 .8 3.0 . 880
- ALe 156.0 1.0 155.0 5.0 1190 1.0 1.0 6.0
11.9 1.0 107.0 %0 §8.0 8.0 . 6810 1.0 66.0
age  peariSd}  yearlSEd  year198S  year19%6  pearl$8?  pearl®4  yearltsy
1.4 18653.0 13820.0 4557.0 121966 630120.0 $9561.0 1565.0
0 Tele.0 137530 9mi0.0 29860 9765.0 - 455499.0 130430
5.0 4160.¢ 114380 . BdES.0 6186.0 115.0 5130 297806.0
6.0 103080 1354.0 20807.0 i884.0 M 1141.0 mnna
1.0 im. 17264 198.¢0 1045%.0 nm.e 1831.0 {01.0
3.0 530,0 {02.¢ 11000 150 63759 1707.0 159.0
1.0 646.0 95¢.0 19,0 913.¢ 4.0 3612.0 115.0
10.0 60,0 176.0 360 103.0 115.0 51.¢ 1930
1.0 5.0 159.0 5.0 15¢.0 9.0 nre 0.0
1.4 1.4 1.4 66.0. [[TR 52.0 0.9 e

Tab. 4 Stock assessment by means of VPA 2 (increasing coefficients
of emigration). Numbers ln'I{QOO).

age  peartd?S  yearl¥N  peari®iT Year1978  pearls?s  pearlfn0 yearl$tl  yearlifl
30 m.0 0171.8 62044.0 62525.0 10907.0  156314.0 0.0 99816.¢
1.0 LR Hite  13157.0 154330 46073, 5.0 113150 6835.0
5.0 7.0 123800 . 11810 114185.9 08170 W59 17814.0 [LER
6.0 5091.0 M- 1507.0 20 §1203.0 10676.0 14511.¢ HEEN
1.0 145640 18480 1423.0 3600.0 1566.10 42660 5356.0 1315.0
[ 10000 F LA 602.0 uo.e 1121.0 1080 5503.0 15%4.9
5.4 1319.0 {11.0 1060 1180 1130 641.0 135.9 1504.0
10.0 557.¢ 528.0 L0 163.0 60.0 1.0 7.9 62,0
11.0 ne 197.0 930 6.0 4.8 i.0 L.t .o
1.0 156.0 1.0 {i6.0 55.0 .0 2.0 .0 1o0.0
age  yearlSH}  yearldW year!95  yeari®6  year1®87  yearl®  yearl$sy

hR | 124540 17057.¢ 1910 12190.0 281016 1009320 1565.0

{.0 139090 16568.¢ 12126.0 3305.0 9761, 45719710 14056.¢

5.0 s 430480 10216.0 1m0 2410 39,0 g

§.0 35767.0 12500 11,0 1196,0 5251.0 181.0 1060.0

1.0 176,40 95500 7 ma 11042.0 33,0 150%.0 436.0

00 1880.0 RN 10%8.0 (1R] 6.0 1452:0 10%.0

9.9 586.0 653.0 161.¢ 1.0 5.0 3035.0 TH.0

10.0 -686.0 1.0 4.0 9.0 126.0 7.8 1816.0
11.¢ 11.0 156.0 56.¢ .t 7.0 e (N
118 1600 11.0 e 130.¢ 1.0 [} ] 156.0




Tab. 5 Assessment of emigrants (n*1,000) by means of VPA 1
{constant coeficients of emigration)

raaris?s  yearl$T6 yearldN yautlel yearis?d  yearl9W0  yearlidl  yearl$i:

(1]
1.0 0.0 t.0 0.0 0.0 0.0 0.0 0.0 [
1.0 0.t 0.9 0.0 t.0 0.0 0.0 0.0 0.0
5.0 10.0 112%.0 1.0 18764.0 5.0 1010 16770 §145.0
6.0 160,90 286.0 560.0 30%.9 5740 1.0 1250.0 §12,0
1.0 918.0 4.0 12.¢ 119.0 1414 1650.0 {11.0 602.0
1.t 1730 F{EN ] 5.0 3.0 140.0 LEN 506.¢ 112.0
9.0 112.0 51.0 6.0 ne - 16.9 3.0 1.0 155,40

10.¢ 4.0 e 1R i 1 1.0 .0 14

11.0 13.0 12.¢ 13.0 Lt 1.0 0.0 8.0 1.0

11.0 11.¢ 20.0 19.0 6.0 n. 6.0 1.0 6.9
e rearid) yearl3H yeartdds  jearides yeari®l  yearl9tt  yearlddy
Lo 0.0 0.0 8.0 5.0 4.0 0.9 0.0
(W] 0.t 0.0 0.8 t.0 0.0 . 0.0 -0
5.0 e .o §11.0 M. i §12.¢0 13126.0
6.0 VR 117.¢ bl 1N 545.0 03,0 107.¢ %50
1.0 161,90 §11.0 .0 1110 15,0 11).0 .
.0 HIR 1.0 HLN 11.0 1L 117.0 1.0
5.0 5.0 1.0 1.0 1.0 11.0 05,0 3.0
16.0 51.0 1.0 L 5.0 - {1LD 6.0 e
o 1L 6.0 5.0 5.0 e 1.0 1.t 9.0
12.0 6.0 1.8 1.4 9.4 5.0 8.0 .t

'Tab. 6 Assessment of emigrants (n*1,000) by means of VFA 2
{increasing ccefficients of emigration).

ege  rearl91S  yeari®l6 yearl9?  yearlSM yearl$?y yeari®80  yeariSEl  yearisel
3. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Lt 1485.0 1.4 1757.0 1081.0 1019.0 - 702.0 1616.0 151.¢0
5.0 3.0 TR B TN ] 5946.9 1158.0 1326.0 16,0 .0
6.0 $00.0 597.¢ 1329.0 6%1.0 $982.0 1912.0 1636.0 1263.0
1.0 45¢85.0 1i1.¢ 210 1430.9 §11.0 -$218.0 19950 1611.0
LR
9.0
0.0
1.0
1.0

8.0 0.0 0.0 0.0 0.0 8.0 6.0 0.0

! 0.0 8.0 0.0 0.0 0.0 0.0 0.8 0.0

10, 0.t 0.0 6.0 0.0 0.0 0.0 8.0 0.0

Pl 6.0 t.0 0.0 0.0 0.0 0.0 6.0 .9

. 1. t.0 8.0 0.t 0.0 0.0 0.0 6.9 6.0
age  yearl33)  year13Bd rearlSBl  yearI$B6  yexridN7  yearl98)  yearl9dy
1.0 8.0 [} 1.0 0.t t.0 0.9 6.9
1.0 16830 15,0 195.0 13.0 3.0 10942.0 110,06
5.0 16).0 26,0 0.0 150.0 126.0 - 281.0 1H$92.0
6.0 1972.% 162.0 $587.0 1.8 5.0 6.0 192.0
1.0. 751.0 10860 1%.0 §193.0 17100 LD 1.0
1.0 0.0 0.0 0.0 0.0 8.0 0.0 0.0
9.0 0.0 0.0 0.0 0.0 8o 2.0 0.9
10.0 9.0 0.0 0.0 9.0 0.0 0.0 0.0
11.9 ¢.0 0.0 0.0 0.0 8.0 2.0 %0
1.9 0.0 0.0 [} 0.0 6.0 0.0 0.0
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Tab. 7 Comparvison of the calculated numbers of emigranté_
{n*1,000}, survey results, VPA 1 {(constant coefficients of
emigration), VPA 2 (increasing coefficients of emigration)

year survey VPA 1 VPA 2

1975 1629.0 5385.0

- 197 158.0 1313.0
' 1M 1.0 17610
: 19 661.0 2081.0
1979 1163.0 1048).0
190 #13.0 10131.0
L) 335.0 16118
Po198 1591.0 31876.0
158 6605.0 e §71).0
1984 0.0 5280 L0
1985 ™. 572.0 1606.8
1926 {307, 016,90 6104.0
1997 0:4 . 1551.0 FLHRY
1548 5280 $00.0 1160.¢
1549 VIR L0 610.0

Tab. 8 Fishing mortalities of VPA 1 (constant coefficlents of
emigration) .

Age yearl$75 year1§76 yearls?7 yearid70 year1d79 year1980 year1$$l gearisel
L0 6012 o047 0013 0.005  0.00%  0.024 - 4.00] 0.025%

4.0 0263 0266 0326 0169 0.352 0,203 0.203 0.211
5.0 0.550 0099 0968 019 0006 0289 0570 -0.400
TR0 DLTED O 0638 0486 0493 0621 0.08Y 0.8 0.
Th 08T D3N Le1D M 0.9 D735 0385 - 6.510
.0 L0t 0% 1.2 015 0.3 0566 1.0 9.704
.0 0 012 LA 3 LS6 0130 0.49) 0.592
1.0 L1037 6500 LMo oM 2% 1.0 0.2 1.015
1.8 0.970  0.639  0.49) 0.0 0.0y 0548 .55 8.64)
1.0 093 0639 DB9) 0090 0603 0.549 0,559 0.60)
uge yearlStd year13Bd rear1985 year1936 year1987 pearlsil Tearlds
3.0 0005 051  0.123  o0.001  0.016  0.010 .03
G0 o 00 006 0.5 M 0.10) o180
.00 0792 0.M0 0 G200 .Y 0.262  0.2T 0.150
6.¢ 1067 0.0 0.329 o0.080  0.372 (.70 0,350
1.0 1425 0062 0637 e85 0211 6.5M 0.35
L0616 .30 51 0101 6.31) 0.0 §.250
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Fig. 1 Stock assessment by means of VPA 1 (constant coefficients
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Fig. 3 Assessment of emigrants by means of VPA 1 (constant
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