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A multispecies model of fish stocks in the Baltic Sea
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Sea Fisheries Institute, Al. Zjednoczenia 1, 81-345 Gdynia, Poland

Abstract

The Andersen and Ursin multispecies stock assessment model has been slightly modified and used to sim-
ulate interactions between cod, herring, sprat, benthos and zooplankton in Sub-divisions 25-29S of the
Baltic in the years 1974-1984. The main modifications were: including intraspecific competition into the
feeding level formula and introducing a prey biomass-dependent preference index. The model has been
verified by comparing simulated yield, age at catch, growth of fish, and cod food composition with ap-
propriate observed values. Finally, a number of fishing strategies where fishing mortality and age at full
capture of cod were changed under the simulations.

Introduction

A relatively simple system of trophic levels in the Baltic Sea makes it easy to apply
multispecies models for the evaluation of predator-prey interactions, which may
form the basis for more precise stock assessment, catch prediction, and determina-
tion of an optimal fishing policy. Several authors (Mandecki, 1976; Majkowski,
1977; Horbowy & Kuptel, 1980) have undertaken such an approach on the basis
of the Danish multispecies model (Andersen & Ursin, 1977).

Mandecki (1976) used the Danish multispecies model to simulate the relation-
ships between cod, herring, sprat and zooplankton in the Baltic. He limited himself
to modeling the impact of the predator stock on the survival rate of its prey, without
taking into account the dependence of individual growth on the amount of food re-
sources. This author found that the observed fluctuations in the catches of Baltic
fish may be explained, in part, by the predator—prey interactions between the stocks
of cod and herringlike fish. He calculated that, in order to attain a maximum catch
or maximum profits, the cod stock should be eliminated entirely so that herring and
sprat could be exploited in the total absence of their predator. He then assumed that
the sum of fishing mortality coefficients was constant and determined the values
leading to maximum catches. It turned out that these values approached the actual
and the author, thus, concludes that the Baltic fishery exhibits an exploitation pat-
tern similar to the optimal.

Majkowski (1977) used the Danish model to simulate interactions between cod,
herring and sprat in the Baltic proper, taking into account both the impact of the
predator stock on the mortality of prey and biomass of prey on the predator growth.
Like Mandecki, he found that interactions of the type: predator-prey influenced the
fluctuations in Baltic fish catches and predicted their size for a few following years.
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Horbowy & Kuptel (1980) did not introduce anything totally novel to multi-
species modeling. These authors concentrated on various stocks of cod, herring and
sprat in the Baltic Sub-divisions 24-29S, cod feeding migrations and introducing
into the model zooplankton and benthos as external variables. Their catch predic-
tions were based on several different stock exploitation patterns.

In 1981 the ICES Working Group on Multispecies Assessment of the Baltic Fish
met for the first time to ‘discuss multispecies assessment of the Baltic fish and to ad-
vise on any data deficiencies’ (Anon., 1981) focussing on simulation of an appro-
priate data base.

In the above mentioned applications based on the Andersen & Ursin (1977) ap-
proach, some of the basic model’s parameters were determined within the modeled
catches with observed ones. Thus, using the model parameters determined indepen-
dently of it and taking into account some other criteria of its credibility (e.g. a com-
parison of the modeled and observed food and growth of fish) should increase its
value. The present author also introduces certain modifications to the Danish model
aimed at a fuller presentation of trophic relationships and population dynamics.

The Model

The multispecies stock assessment model of Andersen & Ursin (1977) is expressed
by the following set of the basic differential equations

(dN,/d8) = - (F, + M1, + M2)) N,
(dw;/dt) = v; b fiw, - kw, i=1,2,..,n
(dY,/de) = F.N,w,

where
fi= ¢l + Q)
M2, =3, Gyh;w?N, /(¢ + Q)
¢ =2 G N;w,
Qi = Vig{
G, = p;&;

gi= exp(—(ln(w//wi) - 77/‘)2/(2‘7/2))
where

N, w, Y — numbers, mean weight and yield, respectively,

F, M2, M1 - fishing mortality, natural mortality caused by predation and
natural mortality from other sources, respectively,

f - feeding level,

¢, O — available food and half saturation constant, respectively,

V — water volume,

q' — search rate coefficient
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7 — positive parameter determining biomass concentration—-weight relationship,
v, h, k — growth parameters,

G, — total preference of prey i by predator j,

g — size preference of prey i by predator j,

7, o — food size preference parameters,

p;; — vulnerability of prey i to predation by predator j,

i, | — entity (age group or life stage},

n — number of entities.

Some modifications of the Danish model were made in order to better repro-
duce trophic relationships. These are:

Modification of the feeding level

In the Danish model, feeding level depends on the amount of food available to
predators. Here, feeding level was modified so that it was also dependent on preda-
tor numbers. It was assumed that the search rate coefficient g, is inversely propor-
tional to the number of fish, NS;, competing for food ¢,

q;' = a/NS;

where « is a parameter. Thus, in the present approach
Qi = g;NS§;

where g; = V/a. Now the feeding level of the entity is being formulated as
fi= & /(d;+ q;NS;) = (¢:/NS;)/ (¢; /(NS; + q))

depends on the available food biomass per fish competing for food ¢;. Only in-
traspecific competition was considered and it was assumed for simplicity that, for
the given age only one year older and one year younger age groups of a species
compete for food so

NS, = A, /N, + N, + A, /N, .,
and
Ad = Gy (R /dt) e/ (AR; /) s k=i =1, i +1

where dR / dt is consumption rate from the Andersen & Ursin model. Coefficients
A, express the strength of the competition. They are defined as the preference of
the preferred food of entity 7 (say entity j) by the entity k, multiplied by the ratio
of the maximum consumption of these entities. As dR/dt = hfw?/* and p, = 1, we
have

A= gjk(wk Jw;)?3

fork=i-1, i+ 1 (Fig. 1).
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Fig. 1. Geometrical interpretation of the size
preference g, included in the formula for the
coefficient A,. W, is predator weight, W, is
prey weight.

size preference
~

Prey biomass-dependent preference index

Ivlev (1955) observed that predators can change their electivity when the biomass
of prey changes. Food positively elected can be omitted when its biomass drops
markedly while food previously avoided can be positively elected. The analysis of
the Baltic cod stomach contents indicates that cod increases its preference for her-
ring when the ratio of herring to sprat biomass increases. Similarly, cod’s preference
for zooplankton and benthos increases when the biomass of herring-like fish
biomass to cod biomass ratio declines. Thus, the cod prey biomass-dependent pref-
erence index, p, for herring, sprat, zooplankton and benthos has been modeled as

. :{ A1 Th(B,/B, - A2) + A3 for A1 Th(B,/B,— A2} + A3<1/p,
1/p, for A1 Th(B,/B,—- A2) + A3>1/p,
5, ={ 1 for A1 Th(B,/B,-A2) + A3<1/p,
1/[py(A1 Th(B,/B,-A2)+ A3)] for A1Th(B,/B, - A2) + A3 >1/p,
by ={ al Th(B./ (B, + B,) —a2) + a3 for al Th(B./(B, + B,)—a2} + a3 <p,max
[ for al Th(B./(B, + B,)—a2) + a3 > p,max
b.=p,
where

B., By, B, — biomass of cod, herring and sprat, respectively,
Al, A2, A3, al, a2, a3, p,™** — parameters,

py — vulnerability of herring to cod predation,

Th - tangent hyperbolic function.
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The constrains have been imposed in order to retain pp < 1 (p may be greater
than 1) and prevent too high consumption of zooplankton and benthos. Now
Andersen & Ursin’s preference G; becomes

Gy = Dy Py 8-

Mortality due to starvation

Andersen & Ursin {1977) incorporated density dependent starvation mortality of
the larval stages into their model. Here, the starvation mortality formula was de-
veloped on the basis of Ivlev’s (1955) experiments with starving fish. Ivlev examined

Table 1. Time (days) of death of 50% of bream and
sheatfish fed by reduced ration r, with respect to
sustained one Rs (Ivlev, 1955).

r/Rs Bream Sheatfish
0 34 46
0.1 51 76
0.2 73 89
0.4 94 116
0.75 117 142
1.0 126 151

the time of death of 50% of fish fed by a ration, 7, reduced with respect to sustained
one, Rs (Table 1). His results can be approximated by

tsoy = b1 — exp(=b2 r/Rs)

where b1 and b2 are parameters. Further, Ivlev states that #5q, increases linearly
with fish age

tsoen(2) = (b1 — exp(-b2 r/Rs))(¢ + 1).
From the Andersen & Ursin theory, it results that
r/Rs =f/fs

where f and fs are the actual and sustained feeding levels respectively. As fs fulfills

dw/d#=0, then
r/Rs = vhw173f/k.

Let’s assume that the fraction, S, of death due to starvation in time At is propor-
tional to the length of that interval in power #. Then

S/0.5 = (At/tsp0)"
and as

S =1 - exp(- MS Az)
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we have the mean in the interval Az coefficient of starvation mortality, MS

0 forfz7s,
Vs = J - ln(l—O.S( At ))
At (b1 — exp(=b2 vhw=173f/kR))(t + 1)
for f< fs and At < 2V £5.,,
00 for f<fsand At > 2V ¢y,

where 21/# £, is the time of the starvation death of all the fish.

External variables

The model presented has been applied in Sub-divisions 25-29S of the Baltic Proper
to assess predator-prey interactions and to analyze different exploitation patterns.
Fig. 2 illustrates the simulated trophic levels.

CATCHES

[o{e]0]

LT

HERRING SPRAT

BENTHOS Z00PLANKTON Fig. 2. Simulated trophic levels in Sub-divisions
25-29S of the Baltic.

To have a complete model, the author has attempted to develop submodels of
fish recruitment and fishing mortality. However, no distinct relationship was found
between cod recruitment and spawning stock biomass and data on salinity, oxygen
conditions, water temperature on the spawning ground collected by the Sea Fish-
eries Institute. Similarly, mean fishing mortality of cod and herring appeared to be
only slightly dependent on fishing effort (determined as the ratio of the total catch
to the catch per unit of effort of a selected vessel) and exploited stock biomass.
Thus, recruitment and fishing mortality were treated as external variables. Their
values were taken from VPA results (Anon, 1986 a,b). The recruitment estimates
were then increased by multiplying them by a constant factor to compensate for
high grazing mortality of the youngest fish. In the case of sprat, different factors
were used for the periods 1974-77 and 1978-84 to reflect low and high predator
biomass in these periods. To reflect fishing mortality of the pre-recruit fish, mean
long-term partial recruitment coefficients were used.
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Zooplankton and benthos were also treated as external variables. Their mean
yearly values for 1974-79 (Table 2) were estimated by Horbowy & Kuptel (1980
based on the Sea Fisheries Institute’s data on zooplankton and benthos distribution
in the Gulf of Gdansk and the estimate of long-term production of zooplankton
and long-term benthos biomass (Thurow, 1978)). For the 1980-84 period, average

Table 2. Mean yearly biomass (10° tons) of zooplankton and benthos used in the model.

Year 1974 1975 1976 1977 1978 1979 1980-84

Zooplankton 4.4 4.4 4.8 4.0 5.4 5.1 4.7
Benthos 2.8 2.9 3.0 2.7 3.2 3.3 3.0

values were used as there is a lack of appropriate yearly data. Each month, a new
biomass of zooplankton and benthos is introduced into the model on the basis of
their monthly distribution in the Gulf of Gdansk (Horbowy & Kuptel, 1980); the
weight of the individuals present remains constant.

Parameter values

The parameter values are presented in Table 3. The food preference parameters for
cod were determined on the basis of cod stomach contents data (Zalachowski, in
press); these data were also submitted to the Working Group on Multispecies
Assessments of Baltic Fish. For the 7, o and p values, the method of Ursin (1973)
slightly modified by Horbowy (1982) was used. Parameters A1, A2, A3, al, a2, a3
were adjusted so as to give simulated p values close to the observed (Fig. 3). In order
to determine the observed p values the p estimates for each year were obtained by
the method cited above. Next it was assumed that the variance in the p values is
caused by the p values contained in them, so the observed p’s were estimated from
the formula

pi = pip;
where p is mean vulnerability for the 1977-84 period and y denotes a year. The 7,
o and p values for herring and sprat were assumed.

To determine growth parameters, von Bertalanffy’s equations were fitted to
weight-at-age data (Anon., 1986a,b). Weight-at-age estimates for herring and sprat
3r 3

herring benthos

Fig. 3. Modeled prey bio-
mass-dependent prefer-

ence index, p,,, versus ob- . * . ’v—.’/‘/
served one, p,,, for two o o ®

cod preys: herring and
benthos.

Pm
[ ]

® omitted P obs
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Table 3. Values of parameters used in the model.

Parameter Age group Cod Herring Sprat
v 0.3 0.3 0.3
b 18.7 27.0 10.2
k 0.023 1.3 0.93

0 27 225 20

1 20 59 8

2 50 97 16

3 74 121 28
q 4 169 161 56

5 600 231 86

6 1750 341 200

7 4400 451 594

8 11000 501 -
Teod 3.6 - —_
Therring 4.15 - -
Tsprat 4.55 - -
Mbenthos 6.1 5.9 -
Tlzooplankton 5.0 5.9 5.6
Ocod 1.05 — -
Oherring 0.76 hd -
Tsprat 1.0 - —
Obenthos 0.25 0.02 -
Grooplankton 0.15 0.02 0.15
Peod 0.5 - -
Pherring 0.6 - —
Psprar 1.0 - -
Phenthos 0.42 1.0 -
Pzooplankton 0.046 1.0 1.0
Al 0.36
A2 4.4
A3 1.2
al 2.4
a2 0.25
a3 0.8
M1 0.25 0.15 0.15
bl 1.1 1.1 1.1
b2 0.33 0.33 0.33
" 2.0 2.0 2.0

in Sub-divisions 25-29S were determined as the weighted by numbers mean weight-
at-age of appropriate populations (herring in Sub-divisions 25-27 and 28-29S, and
sprat in Sub-divisions 25, 26 + 28 and 27 + 29S). Next, the v value taken from
Jobling {1982) was used to calculate

hfi =hoy/ (b + q;NS)=H/v
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for 7 belonging to a species and H being the anabolism coefficient in von Ber-
talanffy’s equation. The above simultaneous equations served for the estimation of
g, values. The number of unknown parameters (g; and 4) is greater by 1 than the
number of equations, so # was chosen in such a way as to give the best correspon-
dence of the observed and simulated in the model growth of fish.

The values of b1 and b2 were determined on the basis of Ivlev’s (1955) experi-
ments (Table 1). M1 was adjusted so as to give M for adult fish similar to the values
assumed by the Baltic Working Groups.

Results and Discussion
Reliability of the model

The mean relative differences between the simulated and observed catches of cod,
herring and sprat were 10, 9 and 12%, respectively (Table 4). At least part of that
difference is caused by the mean long-term partial recruitment coefficients used in
the model. For example, employing actual partial recruitment coefficients for cod
in 1977 would reduce the difference for that year from -27% to ~7%.

Table 4. The relative difference between the catches
(in weight) determined by the multispecies model
and the observed catches from Working Group re-
ports for 1974-1984 period (in %).

Year Cod Herring  Sprat

1974 -1 -13 -13 Table 5. The correlation coefficients between

1975 18 -6 3 catch at age in numbers estimated by the model

1976 ~14 14 6 and observed one in 1974-1984.

1977 27 5 8

1978 -1 12 ~11 Age group Cod Herring  Sprat

1979 10 6 -11

1980 -6 10 -23 0 - 0.23 -0.05

1981 -15 -12 -14 1 0.33 0.40 0.89

1982 -4 10 ~17 2 -0.02 0.59 0.85

1983 6 9 2 3 0.56 0.79 0.96

1984 5 -5 21 4 0.95 0.88 0.94
N 0.92 0.72 0.93

Mean of abso- 6 0.92 0.78 0.89

lute values 10 9 12 7 0.93 0.97 -

A comparison of the age composition of cod, herring, and sprat catches, calcu-
lated by means of the model, with the observed age composition is presented in
Table 5. Correlation coefficients between observed and calculated catches are high
in most cases. Greater deviations may be observed mostly in partially recruited age
groups. For cod, this may be seen in age groups 1 and 2, for herring — in age groups
0 and 1, for sprat - in age group 0. These differences are the result of causes dis-
cussed above — the use of mean long-term partial recruitment coefficients. As a re-
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sult, there is a certain error in those years, in which deviations of the coefficients
from their mean values are quite large.

Weight of cod by age groups simulated in the model is in fairly good agreement
with cod lengths observed in the catches (Fig. 4). Observed length (Kosior, pers.
communication) instead of observed weight was used for comparison because of its
better availability and greater accuracy. The highest correlation coefficients be-
tween calculated and observed values were obtained for cod age groups 4, S and 7
(about 0.8), lower for age groups 2 and 3 (0.63 and 0.40 respectively). Cod age
groups 2 and 3 are not fully recruited to the exploitable stock so only larger speci-
mens from these groups are caught. This may be the cause of poor correlation be-
tween their simulated and observed growth. The model did not reflect the growth
of the cod age group 6. The reason for that may be low variation in the observed
values.

A comparison of growth of herring and sprat calculated from the model with the
observed growth is somewhat difficult since the model use simulated herring and
sprat stocks from Sub-divisions 25-29S while available data refer to growth ob-
served in actual stocks. Grygiel (1979) presented the mean weight of sprat in the
southern Baltic by age groups for the 1974-1977 period. When these data were
compared with the values obtained from the model, a rather good relationship was
obtained (Fig. 5). The adequacy of the herring growth equation used in the model
may be argued on the basis of Horbowy (1983). Using a herring growth equation
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similar to that used here, the author obtained good comparability between the cal-
culated length and the observed.

The last criterion of the model’s reliability consisted of a comparison of the sim-
ulated and observed species composition of the food of cod. Only the food of cod
was considered since the food of herring and sprat was treated in the model in a
very general way (zooplankton as a whole and benthos as a whole). The observed
composition of cod food (Zalachowski, in press) is presented by 5- and 10-cm
length classes. On the other hand, the model is based on the use of age groups and
all calculations are made for them. Thus, to enable a comparison of the calculated
food composition with the observed, age groups were assigned to all length intervals
from the data of Zalachowski. This procedure resulted in a certain error in the ob-
tained data observed by age group since individual age groups did not correspond
exactly to the length classes according to which Zatachowski classified his data.
Nevertheless the correlation between the simulated and observed food composition
of cod split into herring, sprat, and zooplankton + benthos (Fig. 6) was fairly satis-
factory. It is worth noting that the model reflects relatively well changes in the share
of sprat in the food of individual cod age groups and ~ to a lesser degree — the share
of zooplankton + benthos in the food of age groups 3 and 4-5 in consecutive years.
The model did not reflect the variance of the observed share of herring in the food
of various age groups of cod. This may have been caused by a lower variance in this
share when compared with sprat and zooplankton + benthos.

Stock dynamics in the 1974-1984 period

Biomass values simulated in the model for cod, herring, and sprat stocks in the
1974-84 period are shown in Fig. 7. For comparison, biomass estimates of these
species made by the Baltic multispecies Working Group (Anon., 1988) are presented
as well. All presented values refer to 1 January. Herring biomass estimates from the
model are very close to the multispecies Working Group values while the simulated
biomass of sprat exhibits a similar trend to the multispecies Working Group esti-
mates with an increasing difference from 1981-84. The MSVPA values of predation
mortality were in the range of 1.0-1.8 for many age groups of sprat from Sub-divi-
sion 25. This is about 3 times higher than the model estimates. The biomass esti-
mates of cod also show a similar trend to the MSVPA values. However, MSVPA val-
ues are about 50% greater than the model estimates. This difference was primarily
caused by the cod’s weights-at-age which, in the MSVPA, are 200-50% higher for
the 2-4 age groups respectively than those simulated in the model. These age groups
constitute about 50% of cod biomass and the weights-at-age used in the MSVPA
are weights-at-age in the catch, which may result in overestimation of MSVPA
biomass.

The consumption of herring-like fish by cod in 1974-84 estimated by the model
was, on average, about 550 thous. tons (410 to 760 thous. tons (Table 6)). This fig-
ure included, on the average, 210 thous. tons of herring (120-290 thous. tons range)
and 335 thous. tons of sprat (190-540 thous. tons range). In the 1976-79 period,
the consumption of sprat by cod kept decreasing, being compensated for by increas-
ing consumption of benthos (as high as 900-1000 thous. tons). The main reason for
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this decrease of sprat consumption was the abundance of its generations in the years
1976-79 which directly influenced the low abundance of the youngest age groups
on which cod usually prey. It does not seem that the increase in biomass of cod
(from 600 to 900 thous. tons in 1978-83 (Fig. 7)) could have had a decisive impact

Table 6. The biomass consumed by cod, BC (thous. tons), and predation mortality, M2, by species esti-
mated by the model.

Herring Sprat Young cod - Zooplankton Benthos
Year BC M2 BC M2 BC M2 BC BC
1974 117 0.11 311 0.44 S 0.06 135 427
1975 152 0.13 333 0.52 7 0.09 158 438
1976 159 0.13 273 0.50 9 0.09 236 531
1977 219 0.20 203 0.55 11 0.09 263 618
1978 228 0.19 186 0.69 9 0.07 236 895
1979 285 0.25 217 0.84 12 0.10 235 1037
1980 282 0.23 340  0.78 15 0.12 234 927
1981 241 0.21 406 0.77 14 0.10 208 814
1982 216 0.17 543 0.64 11 0.08 150 650
1983 219 0.17 514 0.69 10 0.10 150 612
1984 215 0.16 358 0.59 10 0.09 182 591
Mean 212 0.18 335 0.63 10 0.09 199 685
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Table 7. Mean biomass consumed by cod (thous. tons)
by age groups in 1974-1984 estimated by the model.

Cod Prey species Table 8. Biomass (thous. tons) of herring
age Zoo- and sprat consumed by cod in 1980-1984
group | Herring Sprat  Benthos  plankton estimated by the multispecies VPA (Anon.,
1988).

0 0 0 13 90

1 3 25 115 84 Herring Sprat 25,

2 21 83 180 20 Year 25-29S 26+28

3 47 125 164 4

4 52 70 110 1 1980 775 187

S 39 23 56 0 1981 856 664

6 24 7 26 0 1982 810 821

7 14 2 12 0 1983 677 943

8+ 12 0.5 9 0 1984 583 663

on the low recruitment of sprat. This argument is supported by the fact that the
numbers of recruited herring, which are also eaten intensively by cod, did not un-
dergo great fluctuations. In the 1980-1984 period, a large increase in the consump-
tion of sprat, thus, reflecting an increase in its biomass, was observed. This was ac-
companied by a decrease in benthos consumption.

Cod from age groups 2-4 eat, on average, 280 thous. tons of sprat. This consti-
tutes 83% of the sprat biomass consumed by all predators (Table 7). Herring are
mostly consumed by cod age groups 3-5 and the amount consumed is 140 thous.
tons, which constitutes 65% of herring biomass lost to predation.

Let us also compare the consumption by cod calculated by means of the model
with multispecies VPA estimates made in Anon. (1988), (Table 8). The cod’s con-
sumption of herring assessed by the Baltic multispecies Working Group is about 3
times greater than the model estimates (Table 6) while cod’s consumption of sprat
exceeds the model values by about 50%. The MSVPA simulations are based on the
annual consumption by cod calculated using the evacuation rate for North Sea cod
(24 hours). However, in situ estimation of the evacuation time of sprat from cod
stomachs in Sub-divisions 25 indicated a period of 60-70 hours {Anon., 1988).
Applying this value in the calculations, would reduce the biomass of sprat con-
sumed by cod estimated in MSVPA by about a factor of 3. Taking into account in
MSVPA, sprat from Sub-divisions 27 and 29S could produce a value for sprat
biomass eaten by cod, which is close to the model estimates. Assuming that the
evacuation time for herring in cod stomachs is similar to that for sprat, then the
herring biomass consumed by cod assessed by MSVPA would also decrease by a
factor of about 3 and would be very close to the model estimates. Some differences
between the estimates of cod consumption may be caused by basing the model on
Polish stomach content data only while the MSVPA runs employ both Polish and
USSR data which are different.

The entire sprat stock, 0-1 age groups of herring and the 0 age group of cod sus-
tain the heaviest predation by cod (Table 9). The other fish are consumed to a small
degree.
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Table 10. Mean feeding level, £, of cod, herring
and sprat in 1974-1984 estimated on the basis of
multispecies model.

Table 9. Mean (1974-1984) predation mortality
coefficient, M2, of herring, sprat and young cod Year Cod Herring  Sprat
by age groups estimated by the model.

1974 0.94 0.66 0.74

Age group  Herring Sprat  Young cod 1975 0.93 0.66 0.76
1976 0.93 0.67 0.81

0 0.28 0.69 0.18 1977 0.91 0.63 0.83
1 0.24 0.71 0.08 1978 0.92 0.70 0.89
2 0.13 0.52 0.02 1979 0.91 0.69 0.91
3 0.08 0.40 0 1980 0.90 0.67 0.89
4 0.06 0.32 0 1981 0.90 0.67 0.87
S 0.04 0.28 0 1982 0.91 0.67 0.84
6 0.04 0.25 0 1983 0.92 0.66 0.82
7 0.04 - 0 1984 0.92 0.66 0.83

The mean feeding level of cod in the 1974-1984 period (Table 10) was quite
stable and estimated to be 0.90-0.94. This indicates that the low biomass of sprat
in 1977-1980 did not significantly affect feeding conditions for cod, which compen-
sated for this decline by increasing their consumption of zooplankton and benthos.

The feeding level of herring was also quite stable, ranging from 0.63 t0 0.70. The
large decline in sprat biomass in 1977-1980 resulted, in turn, in a considerable in-
crease in its feeding level from 0.75 to 0.9, signifying an increase of its asymptotic
weight by about 70%. These estimates of feeding level reflect trends in its changes
rather than absolute values, which are difficult to assess.

The mean value of the natural mortality coefficient due to starvation in the 1974-
1984 period was 0.04 and 0.02 for age group 0 of herring and sprat, respectively.
Natural starvation mortality of the other herring and sprat age groups was estima-
ted to be in the range of 0-0.003. The value of the presented estimates is small be-
cause it was based on parameters determined on the basis of Ivlev (1955) for bream
and sheatfish.

Various patterns of stock exploitation

After verifying the model, it was used for the simulation of several patterns of stock
exploitation. The state of stocks and catches were analysed at an equilibrium point
attained by the system about 10 years after an assumed pattern of exploitation has
started. Fishing mortality of cod was set at different levels between 40 and 190%
of a long-term mean (1974-84) while fishing mortality of herring-like fish was set
to between 70 and 130% of the appropriate mean. Recruitment to the stock was
simulated by its mean from 1974-84 years.

The highest total catches of the three species together were assessed at about 665
thous. tons and attained when fishing mortality of cod equalled 190% and herring-
like fish ~ 130% of their long-term means (Fig. 8). However, such an intensive ex-
ploitation of cod would result in a decline of its spawning stock to a level of about
200 thous. tons, which might be unfavourable with regard to spawning success. For
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Fig. 8. A. Total catches for different fishing mortality of cod F,, and herring-like fish, F,,. B. Catches

by species for different F,,, . C. Total catches for different F,_; and F,,_, and age of full capture of cod,
t, (the unit of fishing mortality is the long-term mean fishing mortality).

this reason the variant according to which cod fishing mortality should increase by
60% should be considered to give maximum yield. This enables a catch of 660
thous. tons of fish, including 265 thous. tons of cod and 395 thous. tons of herring
and sprat. Such catches would be higher by 15 thous. tons than those attained at
an exploitation intensity of cod equal to the long-term mean. At the same time, the
cost of cod catches would increase significantly because of the great decline of its
biomass and related drop in the catch per effort. The simulations also indicate the
overfishing of cod. A decrease of fishing intensity to 70% of its long-term mean
would enable a slight increase of cod catches and a concomitant reduction of costs.
Other simulations were made in order to assess the impact of both abandoning fish-
ing operations for cod and the elimination of cod from the ecosystem on stocks and
catches. In the first case, total catches dropped considerably (to 200 thous. tons).
This figure included 164 thous. tons of herring and 37 thous. tons of sprat.

The problem of the state of stocks after eliminating the cod population is far
from simple since, as the result of the lack of natural mortality due to predation M2,
natural mortality M1 would probably increase (the predator eliminates weaker and
diseased individuals). We are unable to estimate this change.

Employing in the calculations the hitherto used values of M1, the total catch
after eliminating cod stock and maintaining fishing intensity for herring and sprat
at unchanged levels equalled 510 thous. tons (herring — 270 thous. tons, sprat —
230 thous. tons). However, due to their overabundance, these fish would be small,
weights of sprat would not exceed 6g, weights of herring — 40g. Increasing fishing
mortality for herring-like fish up to 3 times the mean value would allow for catch-
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ing 920 thous. tons of fish (herring — 560 thous. tons, sprat — 360 thous. tons) of
normal size.

Assuming that M1 increases to the currently assumed value of total natural mor-
tality for adults (M =0.2 for herring, M=0.5 for sprat) then by increasing fishing
mortality of herring and sprat 3 times, we would have a catch of 700 thous. tons
(500 thous. tons of herring, 200 thous. tons of sprat).

The actual catch after eliminating cod would probably be contained somewhere
within these levels, determined by extreme values of M1. However, these consider-
ations do not take into account positive effects of predator presence {e.g. a decrease
in the fluctuations of prey population biomass, elimination of weaker and diseased
individuals).

The next simulation involved the influence of a change of the age of full capture
of cod on the catches attained, with the fishing mortality for herring-like fish equal
to the long-term mean and 30% higher than the mean, and employing various levels
of fishing mortality for cod (Fig. 8). The most favourable results were obtained
when the age of full capture of cod was reduced from the current 4 to 3 years and
fishing mortality for cod, herring and sprat was increased by 30%. The catch at-
tained at this variant would be about 670 thous. tons (230 thous. tons of cod and
440 thous. tons of sprat and herring), i.e. higher by 10 thous. tons than in the best
variant maintaining the present age of full capture of cod. A further increase in fish-
ing mortality of cod would result in a decline of the biomass of its spawning stock
below 200 thous. tons. A variant involving an increase of the age of full capture of
cod to 5 years and a simultaneous large (90%) increase of its fishing mortality (in-
tensive catch of older fish, feeding mainly on herring-like fish) turned out to be un-
favourable. There were two reasons for this. First, a greater part of the consumed
biomass of sprat and herring is eaten by cod in age groups 2-5 {Table 7). Second,
this variant does not lead to a sufficient decrease of cod biomass due to their being
caught so late.

The simulations carried out point to a moderate sensitivity of total catches to
changes in fishing intensity of cod ranging from 40 to 190% of their long-term
mean. Their increase is about 70-120 thous. tons, a result of an increase in cod
catches by about 35 thous. tons. Only the total elimination of cod has a visible im-
pact on the yield obtained. Although the biomass of herring and sprat consumed by
cod seems moderate it consists mainly of young fish. As a result, cod eliminates
about 50% of sprat in age group 0 and 25% of the same age group of herring.

The dependence of the biomass of the herring-like fish on the biomass of cod
(Fig. 9) resembles a power relationship (linear on the logarithmic scale). An increase
in cod stock biomass « times results in a decrease of herring and sprat biomass by
about «s times. The influence of herring and sprat biomass on cod biomass is much
smaller in the biomass range taken into account here. A decrease in herring and
sprat stock by 10% brings about a decline in cod biomass by about 1% and is prac-
tically not reflected in the catches.
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Discussion of modifications tested

Let us analyse the advisability and effect of the modifications introduced into the
Danish model on the basis of the results of simulations and literature. The direct in-
troduction of the abundance of fish competing for food, NS, to the denominator of
the formula for feeding level is justified by the experiments of Houde (1975, 1977).
He found that the growth rate and survival of sea bream, bay anchovy and lined
sole larvae were negatively correlated with population density. The dependence of
growth on population density resembled the hyperbolic function used here to de-
scribe feeding level. In addition, Horbowy (1983) presented a model of Baltic her-
ring growth, in which relating feeding level to the number of fish made it possible
to reflect the observed growth.

The influence of the introduction of a food preference coefficient dependent on
the biomass of prey, p, may be well seen by comparing the growth of cod age groups
4 and 5, obtained from two models (Fig. 10). A sudden decline in the sprat stock
biomass in 1977-1979 (in Fig. 7 the lowest sprat biomass is in 1980 but it does not
include the 0 age group which was very abundant in that year) was immediately re-
flected in the growth of these two age groups calculated with the help of the un-
modified model. In the case of the modified model, cod compensated for the scarcity
of sprat by increasing consumption of zooplankton and benthos. As a result of this,
growth of cod was similar to that observed. Feeding on sprat is much less important
for cod in age groups 6 and 7 and for these groups, both models give a qualitatively
similar picture of predator growth to that observed. As a result, the modified form
of f and the introduction of coefficient p led to a much higher correlation between
calculated cod growth and that observed (Table 11). The present model also better
reflects the growth of sprat (Table 11).

The accuracy of the formula for natural mortality due to starvation introduced
here may be discussed only on the basis of literature as appropriate data are not
available. Ursin (1967) determined the catabolism coefficient for Lebistes reticula-



Fig. 10. Cod growth
in weight simulated
in the unmodified
model (A), in the
modified model (B),
and the observed
growth of cod in
length in 1974-1980
years.
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tus, observing that until the fish lost 20% of their weight, mortality was low and
then rapidly increased. This seems to be in agreement with MS treated as a function
of Az, which first increases slowly and then rapidly. Laurence (1974) investigated
the growth and mortality of haddock larvae depending on the amount of food. He
obtained a high correlation between growth and survival rate of larvae and amount
of food available to one larva, ¢/ N. The dependence of mortality on ¢/N is similar
to the relationship between presented here for the functional form of MS and ¢/N.
Mills (1982) analysed factors influencing the mortality and growth of dace larvae.

Table 11. The correlation of the fish growth determined by the unmodified model (a) and
modified model (b} with the observed growth.

Age group
Species 1 2 3 4 S 6 7
Cod @ - -0.19  0.55 0.5 040 020 0.18
© b - 0.63 040 091 0.77 024 0.79
Sorar ~0.57 -039 036  0.88 0.54 - -
prat 0.74  0.76 081 -0.05 0.68 - -
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It turned out that growth rate was smaller and mortality greater in tanks with a
greater number of larvae. Changes in mortality due to the abundance of larvae were
similar to changes of MS as a function of N. The investigations carried out by
Werner & Blaxter (1982) on the influence of food on the growth and survival rate
of herring larvae showed that both processes depend on the amount of food and
changes in mortality were qualitatively similar to the changes of MS.
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