Fisheries Research, 13 (1992) 95-117 95
Elsevier Science Publishers B.V., Amsterdam

A size- and age-structured simulation model for
evaluating management strategies in a
multispecies gill net fishery

Anthonie D. Buijse?, Jos S. Pet?, Wim L.T. van Densen®, Marcel A.M. Machiels®
and Rudy Rabbinge®

aDepartment of Fish Culture and Fisheries, Agricultural University Wageningen, P.O. Box 338, 6700
AH Wageningen, Netherlands
®Department of Theoretical Production Ecology, Agricultural University Wageningen, P.O. Box 430,
6700 AK Wageningen, Netherlands

(Accepted 27 August 1991)

ABSTRACT

Buijse, A.D., Pet, J.S., van Densen, W.L.T., Machiels, M.A.M. and Rabbinge, R., 1992. A size- and
age-structured simulation model for evaluating management strategies in a multispecies gill net
fishery. Fish. Res., 13: 95-117.

A size- and age-structured simulation model is presented for evaluation of management strategies
for a multispecies gill net fishery, using a commercial gill net fishery for pikeperch (Stizostedion lu-
cioperca) and perch (Perca fluviatilis) as an example. The model takes size distributions within age
groups into account. Growth for each sex is determined by length and temperature and dispersion in
size distributions is controlled by the ‘fractional boxcar train’ method. The model is applied to eval-
uate the integrated short-term and long-term effects of management measures such as mesh size reg-
ulations, fishing effort limitations and combinations of both on the biomass, the size- and age-struc-
ture of the stock and of the yield. Changes in yield during the transitional period after a management
measure has been implemented, can be quantified.

INTRODUCTION

In managing a fishery, the consequences of different management strategies
have to be evaluated. Some consequences are easily deduced on the basis of
classical fish stock assessment models as formulated by, for example, Bever-
ton and Holt (1957) and Ricker (1958). In many cases these classical dy-
namic pool models are based on the concept of age-structured populations,
and are simplified by assuming constant mortality and knife-edge recruit-
ment to the fishery. More modern dynamic pool models include age-depen-
dent mortality and gradual recruitment to the fishery (Pitcher and Hart, 1982;
Jacobson and Taylor, 1985). Natural mortality is, however, more related to
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size than to age. For instance, predation, as the most important cause of nat-
ural mortality (Peterson and Wroblewski, 1984 ) is essentially size-selective
(Dekker, 1983).

Fishing gears are also size-selective rather than age-selective, and consid-
erable bias can be introduced by the assumption of knife-edge recruitment at
a certain age to a fishery. This is particularly true for heavily exploited popu-
lations and for short-lived tropical species, where the selection range of the
catching gear covers a large fraction of the size-distribution of the population.
Although this problem can be overcome by applying empirical sigmoid selec-
tion curves in age-structured models as done for the Samar Sea multispecies
trawl fishery (Silvestre and Soriano, 1988), an age- and size-structured model
will show the consequences much more clearly (Sissenwine, 1977). Size-
structured models are particularly suited for gill net fisheries, which exploit
only a small proportion of population’s size distribution.

Steady-state size-structured models have been used to evaluate manage-
ment strategies for gill net fisheries on lake whitefish, Coregonus clupeaformis
(Berkes and Gonenc, 1982), and on perch, Perca fluviatilis (Staub et al.,
1987). Berkes and Gonenc (1982) note that their steady-state model is lim-
ited by not taking into account the progressive change in population structure
due to the fishery-induced size-selective mortality. Dynamic age-structured
models have been used to evaluate short-term as well as long-term effects
(Hightower and Grossman, 1987), but dynamic size-structured models will
probably provide a more realistic description.

In the present study a size- and age-structured dynamic pool model is de-
scribed for scanning the effects of management alternatives for the multispe-
cies gill net fishery on pikeperch, Stizostedion lucioperca, and perch in Lake
IJssel (‘IJsselmeer’), a 182 000 ha shallow eutrophic freshwater lake in the
Netherlands. The stock of pikeperch is heavily exploited and, according to
Willemsen (1977, 1983) and Van Densen et al. (1990), subject to growth-
overfishing. Since large numbers of females are already caught at Age 2 when
they are just maturing (Willemsen, 1983), there is even an imminent danger
of recruitment overfishing. The perch stock, however, shows no signs of ov-
erexploitation. Since perch grow more slowly than pikeperch (Willemsen,
1977), fishermen foresee a permanent decrease in the perch catches if man-
agement measures, such as mesh size and effort regulations or a combination
of both, are implemented to rationalise the exploitation of pikeperch. The
model has been applied to investigate the integrated effects of a number of
management options.

MATERIALS AND METHODS
Description of the Lake IJssel fishery

The mean yields of pikeperch and perch in the gill net fishery in the period
1980-1989 were 0.76 and 3.17 kg ha—! amounting to 10.6% and 22.2% of the
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value of the total yield (Dfl 13 350 000) from Lake IJssel respectively. On
average, the value per kilogram of pikeperch is twice the value of perch. The
gill net fishing season lasts from 1 July until 15 March and the legal minimum
mesh size of the gill nets is 101 mm stretched mesh. Legal minimum landing
sizes of pikeperch and perch are 42 cm and 22 cm total length, respectively.
Total mortalities were estimated at 81% for Age 2 pikeperch and at 67% for
Age 4 perch in the beginning of the 1970s (Willemsen, 1977). Although the
number of fishing companies has decreased by half over the last 20 years, the
total fishing mortality increased because overall more gill nets were used
(Dekker, 1991). Also, the fishermen switched from multifilament to monof-
ilament gill nets, which are twice as efficient for perch and one and a half
times for pikeperch (Schaap, 1987). A similar increase in efficiency was ob-
served for C. clupeaformis in Lake Huron where catch comparisons showed
that monofilament gill nets were 1.8 times as efficient as multifilament nets
(Collins, 1979). There is no limitation on the number of gill nets allowed per
fishing company, but the fishing effort has been restricted to some extent by
a ban on gill net fishing during Saturdays and Sundays.

Model and parameters

Model structure

The general structure of the model is depicted in the relational diagram
(Fig. 1). A list of symbols used is given in Table 1. The model includes two
species, each of which consists of eight age groups, and is based on 100 size-
classes (cm). Fish recruit to the stock at Age 1 (1 January). The initial size
distribution of the Age 1 fish is described by a normal distribution. Growth
rates are based on a Von Bertalanffy growth equation for each sex, which is
modified to reflect inter-annual variations in the growth rate. The dispersion
in the size distribution of an age group as it grows older is simulated by apply-
ing the ‘fractional boxcar train’ method (Goudriaan and Van Roermund,
1989). At 1 January, every age group switches to the next, the oldest one
being removed from the model. Natural mortality is assumed to be length-
dependent and decreases to a constant value for fish above a certain size.
Fishing mortality is a function of the number of companies fishing with gill
nets, the length of the fishing season and the mesh size of the gill nets. The
model has been written in CSMP III (Continuous System Modelling Pro-
gram: IBM, 1975) using a fixed time step of 1 day. This is a conservative
choice taking into account that one quarter of the smallest time constant, being
25/4 days, is small enough to justify the assumption that the highest rate does
not change materially over time (De Wit, 1982).
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Fig. 1. Relational diagram of the size- and age-structured model (notations are according to the
conventions introduced by Forrester). State variables or the contents of integrals are presented
by rectangles, the rates of changes by valves and auxiliary variables by circles. The flow of ma-
terial is presented by solid arrows and the flow of information by dotted arrows (De Wit and
Goudriaan, 1978). Abbreviations are explained in Table 1.

Parameter estimates

Parameters are based on data collected on pikeperch and perch in Lake
IJssel in the period 1966-1989. Certain parameters for pikeperch, which could
not be derived from the stock of Lake IJssel because little fishery-independent
data could be collected due to the high exploitation rate there, are based on
data from the pikeperch stock in Tjeukemeer, a 2000 ha shallow eutrophic
lake in the northern part of the Netherlands. This stock has a slightly faster
growth rate than the one in Lake IJssel (W.L.T. van Densen, unpublished
data, 1987).

Recruitment

Recruitment as number of Age 1 fish at the beginning of the year is held
constant. Although the inter-annual variation in recruitment has been shown
to be large, especially for perch (Willemsen, 1977; Van Densen et al. 1990),
relative yield estimates per age group are insensitive to year-to-year variation
in recruitment, as long as growth and mortality are density-independent.
Therefore, to evaluate the effect of possible management strategies, only the
ratio of recruitment in the two species is required. Since 1966, bottom trawl
surveys in autumn have been carried out to estimate the year-class strength
of pikeperch and perch, indexed as the number of Age 0 per standard haul.
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TABLE 1

List of abbreviations used in the relational diagram

Parameter Description

variable or

abbreviation

a age-class (years)

co companies (numbers)

d day number of the year

F fishing mortality rate (day~!)

FM fishing mortality (numbers day~')
FR fraction to control dispersion

length-class (cm)
fish length in an unexploited population (cm)

M natural mortality rate (day~—!)

N number of fish (arbitrary units)

NM natural mortality (number day—!)

R recruitment (arbitrary units year—!)

S selectivity of gill net

season open or closed (1/0)

shifta transfer of all fish to next age-class at 1 January
shiftl transfer of fraction FR of total number to next length-class
T temperature (°C)

vbgf growth according to Von Bertalanffy (cm day~!)
Y yield (kg)

During the period 1966-1987 the average ratio in recruitment of pikeperch
and perch was 1:8. This ratio is used (in arbitrary units) in the model.

Growth

In the model the daily growth in length is assumed to be dependent on length
and on temperature and is specific to sex. Growth is formulated according to
the Von Bertalanffy growth function

k(Lo —Lo_y) (1)

where L,_, is the total length (cm), ¢ is the time (days), k,is the temperature-
dependent daily growth constant (day~'), and L., is the theoretical length at
infinite age (cm). Lengths at Age 1 serve as a starting value for L,_ .

The resulting mean lengths-at-age and standard deviations of male and fe-
male perch and pikeperch are given in Table 2. Pikeperch grow faster than
perch and females faster than males. Parameter estimates are based on infor-
mation on mean length at successive ages. For pikeperch, Willemsen (1983)
estimated potential growth (“‘theoretical growth in unexploited situation”)
for the Lake IJssel stock. The differences in growth rate between sexes are
based on data from Tjeukemeer. For perch no data on potential growth were
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TABLE 2

Mean total length, L (cm), and standard deviations, s (cm), at age (years) for populations of male
and female pikeperch and perch in Lake IJssel in the case without exploitation. Lengths at age were
calculated using the Von Bertalanffy growth parameters L, k and £,

Age (years) L, k fo
(cm) (year—!)  (years)

1 2 3 4 5 6 7 8

Pikeperch & 81.2 0.26 0.21
L 15.0 30.1 41.8 50.8 57.7 63.1 672 704
s 1.7 26 26 26 26 26 26 26
Pikeperch @ 944 0.21 0.20
L 148 30.1 424 524 60.5 67.0 722 76.5
s 1.7 26 26 26 26 26 26 26
Perch & 42,7  0.19 0.05
L 7.1 132 183 225 26.0 289 31.3 333
s 06 13 20 25 29 32 34 37
Perch @ 542 0.14 0.04
L 6.8 13.0 18.4 23.1 27.1 30.7 337 364
K 06 13 20 25 30 34 37 40

available. Growth parameters for perch are based on back-calculations with
the aid of opercula (Le Cren, 1947) of Age 1 to Age 5 perch, which were
caught during bottom trawl surveys in Lake [Jssel in 1987 (Pet, 1988).
Pikeperch and perch grow if the water temperature is above 14°C (Le Cren
1958; Willemsen 1978). The average daily water temperatures in Lake IJssel
from 1971 to 1986 show that this minimum temperature for growth was ex-
ceeded from 15 May until 29 September (Fig. 2). Therefore, growth is made
a function of water temperature and in this way the Von Bertalanffy growth
function is seasonalised. The growth rate k is assumed to be linearly related
to the water temperature above 14°C. This seems reasonable because water
temperature in Lake IJssel never exceeded 21 °C, which is well below the tem-
perature for the physiological optimum of pikeperch (27.3°C) or perch
(25.4°C) (Hokanson, 1977). For convenience, a fifth-order polynomial is
fitted through the annual cycle of temperature, and daily temperatures in the
model are calculated with this polynomial. From the sum of degree-days above
14°C (453°C days) divided by the number of days per year (365 days), which
equals 1.24°C, the daily growth constant k, was calculated according to

_(T—14) k.

k= 1.24 365 (2)

where d is the day number (1-365), T, is the water temperature (°C), and k
is the yearly growth constant (year—1').
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Fig. 2. Mean daily water temperature in Lake IJssel in the period 1971-1986. A fifth-order
polynomial function is fitted to the data: T (°C)=3.39—1.11 X 107! Xd +2.04X 1073 xd?
—2.94X 107X d>—2.18X 10~ 8x d*+4.62X 10~ ' X d°; where d is the day number, n=365,
r=0.998.

Size structure per age group

The initial length—frequency distribution of the recruiting age group was
described by a normal distribution function according to which the fish were
distributed among length-classes. Recruitment was split into males and fe-
males, assuming an initial sex ratio of 1: 1. Thus, the initial length—frequency
distribution for each species and sex is given by equation

1 R

3o W 3)

N(L)=

where N(L) is the calculated initial frequency in length-class L, L is the mid-
length of length-class (cm), R is the recruitment (arbitrary units), s, is the
standard deviation at Age | (cm), L, is the mean length at Age | (cm), and
W is the width of the length-class (cm). The number 2 in the denominator
accounts for the sex ratio.

The standard deviations of the mean lengths-at-age indicate an increasing
divergence in the length—frequency distribution with age (Table 2). This di-
vergence can be simulated with the ‘fractional boxcar train’ method, by which
dispersion in a length~frequency distribution of an age group is controlled.
The method is based on a fractional, repeated shift of the number of fish in a
length-class: a fraction FR of the frequency in a length-class is transferred to
the next length-class as soon as the increase in length, based on the summa-
tion of the daily growth according to eqn. (1), equals a proportion FR of the
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width of the length-class. FR is a function of the mean length and the standard
deviation of the consecutive age groups

2

_ o Sae1 =i
FR_1_<La+1—‘La> (4)

where L is the mean total length of an age group, calculated with eqn. (1)
(cm), sis the standard deviation of the size distribution of an age group (cm),
and ais the age (years). After transfer, the summation function of daily growth
is reset to zero.

Length-weight relationship

An allometric function is used to describe the relation between body length
L (cm) and body weight W (g) of pikeperch and perch. For pikeperch
W=0.00425 % L3? and for perch W=0.0104 X L33 is used.

Size at maturity

Data on the size at maturity are needed for the calculation of the spawning
stock biomass. The range for which the fraction of mature females increases
from 0 to 1 is 40-50 cm for pikeperch and 14-23 cm for perch. A simple
linear relationship is assumed between the fraction of mature females per
length-class and fish length.

Natural mortality

Natural mortality has been estimated for Age 0 and 1 pikeperch and Age
0-2 perch based on the numerical abundance of pikeperch and perch age
groups in bottom trawl surveys in Lake IJssel. Daily instantaneous natural
mortality rate M, (day~') is described as a function of the body length L
(cm): M;=0.0047 xe~%°7°L and 0.0049 e~ %L for pikeperch smaller than
27 cm and perch smaller than 25 cm respectively. The natural mortality rate
for larger fish is assumed to be constant (0.2 year—!=0.00055 day~').

Fishing mortality

The daily instantaneous fishing mortality rate (F,;) per length-class is as-
sumed to be a function of the mean daily fishing mortality for the length-class
optimally caught in a gill net (F,,) and the selectivity (S) per length-class,
which is a fraction (0-1) of F,,, (see eqn. 5). Within a year, the fishing mor-
tality also varies due to the number of companies fishing with gill nets, which
is zero if the season is closed (Fig. 3).

FulL)=FopSAL) <* (5)

m

where F,; is the fishing mortality per length-class per day (day—'), F,, is the
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Fig. 3. Intra-seasonal variation in the number of companies fishing with gill nets based on monthly
averages over the period 1969-1982 which were linearly interpolated between the middle of
two months (Anonymous 1969-1982). The gill net season is closed from 15 March to 1 July.

mean daily fishing mortality during the open season for the length-class opti-
mally caught in a gill net (day~'), d is the day number, i is the ith distinct
mesh size used in the gill net fishery (1-n), S; is the selectivity per length-
class of a gill net with a certain mesh size (0-1), L is the total length (cm),
C,is the number of companies fishing with gill nets on a given day, and C,,=
mean number of companies fishing with gill nets during the open season.

F,, varies proportionally with fishing effort and was used to simulate year-
to-year variations in fishing effort. Total yearly instantaneous fishing mortal-
ity rate (F,) per age group is the summation of daily fishing mortalities of all
length-classes of an age group

365 100 =~
FA)=Y ¥ 3 Fal(L) (6)
d=1L=1i=1

where A is the age group (years), F) is the fishing mortality per age group per
year (year—!), and # is the number of distinct mesh sizes used in the gill net
fishery.

In this way it is possible to simulate the outcome of gill net fisheries with
varying combinations of mesh sizes and fishing effort per mesh size.

Gill net selectivity

The selectivity of gill nets for pikeperch is based on data from Van Densen
(1987), who calculated a length-dependent selection curve according to the
method of Holt (1963). This selection curve was transformed into a selection
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curve as a function of the maximum girth/mesh perimeter ratio, because this
gives a more realistic description. The selectivity of gill nets for perch is based
on studies made by McCombie and Berst (1969) on yellow perch, Perca fla-
vescens, which has a very similar morphology to perch (Thorpe, 1977). The
maximum girth G (cm) is related to the total length L (cm) of the fish, for
pikeperch, by G=0.58 L —3.51 and for perch, by G=0.81 L.—2.26. The selec-
tivity S'is described as a normal distribution function of the maximum girth
of the fish and the mesh size of the gill net and varies between 0 and 1

Si(L)=e~(G(L)/2m_-0P)2/2sgp o

where S; is the selectivity per length-class, L is the total length (cm), G is the
maximum girth (cm), m is the mesh size (cm stretched mesh), OP is the
ratio of maximum girth/mesh perimeter (=2 m) for the optimum of the
selection curve, and s, is the standard deviation of the selection curve.

For pikeperch, OP=1.22 and s,,=0.15, and for perch a normal distribu-
tion was fitted through the data of McCombie and Berst (1969) resulting in
OP=1.20 and 5,,=0.12. The resulting selection curves for the two species in
101 mm and in 140 mm stretched mesh gill nets are presented in Fig. 4. These
selectivity curves broaden with increasing mesh size.

Calibration of the fishing mortality

The gill net fishery on pikeperch and perch in Lake IJssel in the period
1974-1983 was used as a reference point for evaluating management strate-
gies. The fishermen mostly used gill nets with 101 mm stretched mesh. The

1.0
— perch
101 mm
0.8 --- perch
140 mm
—— pikeperch
2 06 ] 101 mm
% Lo pikeperch
QO E 140 mm
% o4

0.2

0.0
20

70 80 20 100

total length (cm)

Fig. 4. Selectivity of 101 and 140 mm (stretched mesh) gill nets for pikeperch and perch (see
text).
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estimated yearly instantaneous fishing mortality rate F, was 1.27 year~'
(72%) for Age 3 pikeperch, based on cohort analysis of catches of the year-
classes 1971-1980 in the period 1974-1983. For Age 5 perch fishing mortal-
ity was 1.05 year—! (65%) for the year-classes 1969-1978 in the same period
(A.D. Buijse, unpublished data, 1991). F,, was calibrated to simulate these
yearly fishing mortalities for both species.

RESULTS
Validation

The model has been used to calculate and evaluate effects of various man-
agement measures on the yield and stock of pikeperch and perch. At first a
comparison was made between model outcome and observations made on the
pikeperch and perch yield and stock.

The length—frequency distribution of the simulated yield and the length-
frequency distribution of the actual yield as observed at the fish auction dur-
ing the 10 year reference period are presented in Fig. 5. The choice of the
parameters in the simulation model for the gill net selectivity and the exploi-
tation rate, as based on cohort analysis, yielded a length—frequency distribu-
tion for perch similar to the one observed at the fish auction. For pikeperch,
the simulated length frequency is bimodal with modes for Age 2 and Age 3
fish. The observed frequency distribution was unimodal, probably due to the

1.0

08 \ pikeperch

0.6 — simulated
0.4 F — — observed

02

frequency
5

08 - perch

06

simulated
04 r ~ ~ - observed

0.2

=

16 21 27 33 39 45

0.0

total length (cm)

Fig. 5. Observed (the mean during the reference period 1974-1983) and simulated length-
frequency distributions of pikeperch and perch catches in 101 mm stretched mesh gill nets.
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effect of year-to-year differences in growth, which ‘flattened out’ the bimodal
pattern. The model predicts a considerable proportion of the catch to be be-
low the legal minimum landing size (42 cm ), which suggests that discarding
occurs on a relatively large scale.

The gill net selectivity appears to have had a most pronounced size-selec-
tive impact on the population structure of perch. The mean length-at-age ob-
served in the catch was always larger than the mean length observed in the
stock (Fig. 6). Thus, the gill net fishery appears to selectively exploit the larger
perch in every age group. Simulated mean lengths-at-age were always higher
for the unexploited (Table 2) than for the exploited population (Table 3).
The selective impact of the gill nets is also illustrated by the decrease of the
standard deviation in the exploited situation. Apparent growth of the ob-
served and simulated exploited stock almost ceased after Age 4 due to the
size-selective removal of larger perch (Fig. 6). The observed mean lengths
were, however, about 3 cm larger than the simulated ones. This might indi-
cate that the growth parameters used for perch underestimate potential growth.

Pikeperch quickly grow through the selection range of 101 mm gill nets.
The Age 2 fish are exploited on the right-hand (larger) side of their size dis-
tribution, while Age 4 and older fish were selectively exploited on the left-
hand (smaller) side (Tables 2 and 3). Mean lengths in the simulated ex-

50
40 o
o
o/
£ /"/
0
9 30t +§E:E,I/‘E~”+
£ g —a
o A
k2 /*/A
o - r
§ 20 / —0— Y observed
—t+— S observed
10 F —o= S simul unex
—A— S simul expl
O 1 ek L 1
¢} 2 4 6 8 10

age (yr)

Fig. 6. Mean length at age of perch as observed in the stock (S) and yield (Y) in Lake IJssel
over the period 1970-1988 and as simulated in an unexploited and in an exploited stock.
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TABLE 3

Simulated mean length, L (cm), and standard deviations, s (cm), at age (years) of male and female
pikeperch and perch in a population, which has been exploited with 101 mm gill nets during the
reference period (see text for further explanation)

Age (years)

2 3 4 5 6 7 8
Pikeperch &
L 29.9 40.3 49.0 57.0 63.5 67.6 70.6
s 2.6 2.5 2.7 2.7 2.5 2.5 2.5
Pikeperch @
L 29.8 40.9 51.0 59.8 67.0 72.0 76.0
K 2.6 2.5 2.7 2.6 2.5 2.5 2.5
Perch &
L 12.6 18.2 22,7 24.8 25.8 26.2 26.3
s 1.3 2.0 2.3 2.1 1.8 1.6 1.5
Perch @
L 12.4 18.0 22.9 25.2 26.2 26.6 26.7
S 1.2 2.0 2.3 2.0 1.7 1.5 1.3
TABLE 4

Effects of management options in respect of mesh size (MS), effort (f) and length of season, on the
yield (Y), stock biomass (SB) and spawning stock biomass (SSB) of pikeperch and perch. Y, SB and
SSB of both species are given as percentages of the initial pikeperch SB; values between brackets are
percentages of the initial Y and SSB for each species separately (see text for further explanation)

Management MS f  Open season Y SB SSB

option (mm) (%)

Pikeperch

Initial situation 101 100 1 July-15 March 58 100 19

1 120 100 1 July-15March 76(132) 127 18(93)

2 101 25 1 July-15 March 35(61) 343 130(672)

3 101 100 1 October~15 March 55(96) 143 35(183)
101 25 29(50)

4 1 July-15 March 136 22(112)
140 100 49(84)

Perch

Initial situation 101 100 1 July-15 March 74 152 43

1 120 100 1 July-15March 87(119) 268 90(210)

2 101 25 1 July-15 March 81(110) 202 63(145)

3 101 100 1 October-15 March 77(105) 173 45(104)

1 July-15 March 199 61(141)

101 25 80(109)
4
140 100 2(1)
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ploited and unexploited stocks did not differ by more than 1.8 cm. Observa-
tions of mean length-at-age in the stock were not available and a comparison
between observed and simulated growth could therefore not be made.

The observed yields over the period 1974-1983 were 2.35 kg ha—! and 3.42
kg ha~! for pikeperch and perch, respectively. In the present version, the model
does not provide yield in terms of kg ha—!, because recruitment indices are in
arbitrary units. However, the ratio between the pikeperch and perch yields
can be compared, which for the reference period resulted in a somewhat lower
ratio (1.28) than observed (1.46) (Table 4).

Management options for the Lake LJssel gill net fishery

The model was applied to evaluate the effects of four possible management
strategies which were considered to represent realistic management options.
In Fig. 7 the effects of the different management measures on the yield of
pikeperch and perch are shown on a yearly basis during a transitional period
until stabilisation. Detailed information on the size and age composition of
the yield after stabilisation is given in Fig. 8 and Fig. 9, respectively.

pikeperch B A ——

09 N
— = me=101;=100

06 —+ me=120;f=100
—— ms=101:f=26%
—A— os=1ooctober

landings (arbitrary biomass)

03 r
—0— me=101+140mm

00 1 L L I

time  {yr)

Fig. 7. Development in the yield of pikeperch and perch, relative to the initial situation (ms=101
mm; f=100%), in the first 8 years after implementation of four different management options
(see also text). ms is the mesh size (mm stretched mesh ); f is the relative fishing effort (%); os
is the opening of the fishing season.
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Fig. 8. Length—frequency distributions of the yield of pikeperch and perch. Line indicates the
situation during the reference period; bars indicate the length composition after implementa-
tion of management measures. ms is the mesh size (mm stretched mesh); f is the relative fishing
effort (%); os is the opening of the season.

Since recruitment in the model reflects the observed ratio between the two
species, and reference exploitation rates were taken over the same period,
changes in the yield and the stock of both species can be compared simulta-
neously after implementation of a management measure. Consequently, yield
and (spawning) stock of both species are given as percentage of the stock
biomass of pikeperch under the exploitation rate during the reference period
(Table 4).

Option 1. Increase of legal minimum mesh size from 101 to 120 mm

The yield of pikeperch increases, after a reduction of 23% in the first sea-
son, to a 32% higher yield after three to four seasons (Fig. 7). The pikeperch
stock increases by 25%, whereas the spawning stock decreases slightly (Table
4). An increase in mesh size to 120 mm results in large reductions of 87% and
29% of the perch yield during the first two seasons, but the yield stabilises
after 6 years at a 20% higher level. The perch stock increases by 76% and the
spawning stock by 110%. Due to the increase in mesh size, the size- and age-
structure of the yield changes (Fig. 8 and 9). The number of age groups in the
yield stays the same, but the fish are about 1 year older.



110 A.D.BUUSEET AL.

12 b pikeperch [ me=120=100
me=101:/=26%
E= os=1october
Ml me=101+140
— ms=101:f=100

landings (arbitrary biomass)

age—group

Fig. 9. Age—frequency distributions of the yield of pikeperch and perch. Line indicates the situ-
ation during the reference period; bars indicate the age composition after implementation of
management measures. ms is the mesh size (mm stretched mesh); f is the relative fishing effort
(%); os is the opening of the season.

Option 2. Reduction of fishing effort by 75%

A 75% reduction in the number of gill nets has a negative effect on the total
yield of pikeperch. After two to three seasons with a 50-60% lower vield, the
yield stabilises at about 60% of the former level (Fig. 7). The pikeperch stock
increases by more than 200% and the spawning stock by more than 500%. For
perch, the yield stabilises after a decline of 42% during the first year, ata 10%
higher level after 4-6 years. The perch stock and spawning stock increase by
33% and 50%, respectively. For both species the yield is more evenly distrib-
uted over the age groups than in the original situation (Fig. 9).

Option 3. Extension of the closed season to 1 October

Fishing effort can also be reduced by extending the period in which the
fishery is closed, e.g. less fishing days during the week or a shortening of the
open season. However, it should be noted that fishermen might respond by
setting more nets so that the effect of the measure is lost. A postponement of
the start of the fishing season from 1 July to 1 October has been suggested in
order to utilise fully the growing season and to reduce, at least temporarily,
the fishing effort. In the simulation the numbers of companies fishing during
the remainder of the year was as given in Fig. 4.

Shortening of the open season has the most pronounced effect on the
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(spawning) stock biomass of pikeperch; the yield of both species remain close
to the former level. For pikeperch the portion of Age 2 fish in the yield de-
creases while that of Age 4 fish increases. The pikeperch stock and spawning
stock increase by 43% and 83%, respectively. The increase in biomass of perch
is much less.

Option 4. 101 and 140 mm: gill nets with 75% effort reduction of 101 mm
nets

Management of a multispecies fishery will always try to find a compromise
between the optimum exploitation rates for the most important individual
species, depending on species-related differences in growth and mortality rates.
In Lake 1Jssel, the choice of a minimum mesh size of 101 mm is based on the
length at maturity of pikeperch. Short-term losses are large for perch when
mesh size is increased, whereas a reduction in fishing effort might result in a
permanent lower yield of pikeperch as illustrated by Option 2. Therefore, a
compromise was sought by allowing a certain number of 101 mm gill nets in
order to catch the perch, but to keep this number low in order not to overex-
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Fig. 10. Development in the yield of pikeperch and perch, relative to the initial situation
(ms=101 mm; f=100%) and not accounting for size-selective processes, in the first 8 years
after implementation of three different management options (see also text). ms is the mesh size
(mm stretched mesh ); f'is the relative fishing effort (%).
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ploit the pikeperch stock. In addition a number of 140 mm gill nets is allowed
in order to catch the surviving pikeperch, which have spawned several times.

In this model, the effect of using gill nets with different mesh sizes simul-
taneously can easily be evaluated. The option comprises a 75% effort reduc-
tion for 101 mm gill nets, and the introduction of 140 mm gill nets with an
effort equal to the effort practised with 101 mm gill nets during the reference
period. The yield of pikeperch in the 101 mm gill nets is comparable to the
catch after implementing Option 2 (Table 4). The additional yield in the 140
mm gill nets results in a higher total yield after 2 years. Furthermore, the
decline in the yield of pikeperch after 1 year is only 14%. After 4-5 years the
yield stabilises at 34% above the reference level. The stock and spawning stock
are raised by 36% and 12%, respectively. The age composition of the yield
shifts to a dominance of Age 3 and 4 instead of Age 2 and 3 fish (Fig. 9). In
general, the yield has a more diverse age composition than is the case with
other management measures. As perch is seldom caught in 140 mm gill nets,
its yield and stock size are comparable with those after implementation of
Option 2.
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Fig. 11. Age-frequency distributions of the yield of pikeperch and perch, not accounting for
size-selective processes. Line indicates the situation during the reference period; bars indicate
the age composition after implementation of management measures. ms is the mesh size (mm
stretched mesh ); f is the relative fishing effort (%).
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Size- versus age-structured models

The results of our size-structured model were compared with an age-struc-
tured version of the same model. In the age-structured version, all fish of the
same age have the same length, which corresponds with the calculations based
on the Von Bertalanffy growth parameters (Table 2 ). The size-structure within
age groups is therefore not modified by the fishery. The gill net selectivity was
estimated by using mean length-at-age in eqn. (7).

Especially for perch, large differences in the total yield and the age compo-
sition of the yield are found between the size-structured (Figs. 7 and 9) and
age-structured versions of the model (Figs. 10 and 11): the decline after in-
creasing the minimum legal mesh size to 120 mm was smaller for the age-
structured version; a considerable amount of perch is landed by 140 mm gill
nets; the age-structured model predicts a permanent reduction in the yield of
perch if only the effort of 101 mm gill nets is reduced. Dominant age groups
in the yield of perch were about 1 year older in the age-structured than in the
size-structured version. In the age-structured version, the ultimate gain of pi-
keperch when the Options 1 and 4 were applied was slightly higher and the
ultimate loss in the case of Option 2 was slightly more, than in the size-struc-
tured model. Also, for both species the importance of the dominant age group
1in the yield is more pronounced in the age-structured version of the model.
All these differences are the consequence of not taking into account the size-
selective impact of fishing gear.

DISCUSSION

A size- and age-structured dynamic pool model has been developed to in-
tegrate existing knowledge on the population dynamics of pikeperch and perch
in Lake IJssel. The differentiation into size categories was deliberately cho-
sen, because interactions between gears and species are more directly related
to size than to age.

The ‘fractional boxcar train method’, introduced to control growth disper-
sion within an age group, clearly allows an evaluation of the size-selective
impact of gill nets on a fish stock, which has been considered an important
limitation of other existing models for gill net fisheries (Berkes and Gonenc,
1982). Calculations with other types of models, which were based on individ-
uals (10 000 *2000 recruits) and characterised by specific values of L., and
k taken randomly from assumed normal distributions (Hampton and Maj-
kowski, 1987), appear to be much more time-consuming than our model
(which used eight age groups divided over 100 size-classes).

The present version of our model has a number of limitations. First, uncer-
tainty exists with respect to the potential growth and natural mortality of pi-
keperch and perch in unexploited situations. Willemsen (1983) stated that
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his estimate for the potential growth of pikeperch is conservative. For perch
there are, to date, no estimates of potential growth. The opercula which were
used to calculate the growth were taken from the perch population in Lake
IJssel. Age 4 and Age 5 perch had already been exploited by the gill net fishery
there, so their size distributions were probably altered by size-selective re-
moval of the larger specimens. Although Willemsen (1977) describes faster
growth of perch in Lake IJssel, which is more in line with the observed growth,
we preferred to use our own data, because they contained information on
sexual differences in growth rate. Estimates of natural mortality for the cur-
rently exploited age groups are tentative. For perch, natural mortality varied
largely from year to year and a well-founded choice for Age 3 and older could
not be made (Born, 1991). Hence a constant value of M =0.2 year~! for larger
fish, as assumed in many other situations, was chosen.

Second, it is known that some fishermen use gill nets with mesh sizes larger
than the legal minimum in order to catch large pikeperch. Calculations were
made under the assumption that in the case of a minimum legal mesh size,
either 101 or 120 mm gill nets were used. This has probably resulted in un-
realistic underestimations of the yield and a too high (spawning) stock bio-
mass in the case of fisheries with 101 mm gill nets only.

Third, the model is density-independent and therefore acts just as a refined
Beverton and Holt yield-per-recruit model. Up to now, stock-recruitment re-
lationships have not been quantified, but inter- and intra-specific interactions
in respect of recruitment might alter the results of simulations significantly.
Although, the food web structure is known, estimates of energy fluxes are un-
certain (Buijse et al., 1991). Once quantified, density-dependent processes
will be incorporated into the model as has been done for, for example, wall-
eye, Stizostedion vitreum (Jensen, 1989).

Fourth, recruitment was held constant in the present version of the model.
Variation in recruitment will not influence the consequences of management
measures in terms of maximum yield, as long as density-dependent processes
for the two stocks are not incorporated in the model. Variation in recruitment
has, however, a direct effect on the stability of the yield. Therefore manage-
ment strategies should in future be evaluated on the basis of maximum yield
as well as stability in the yield.

So far the model could only be validated by comparing the size and age
structure of the simulated and of the observed yield and stock. Although there
is a high degree of similarity, there appear to be marked differences, which
might be resolved by specific data collections. In particular, discard practices
appear to be an important issue.

Simulation of the different management strategies indicate that all options
have a positive influence on the spawning stock size of both species, with the
exception of pikeperch in the case where the legal minimum mesh size is in-
creased to 120 mm. A substantial permanent reduction of the yield was ob-
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served only for pikeperch when the fishing effort with 101 mm gill nets is
reduced by 75% and no other mesh size is allowed, because pikeperch quickly
grew through the selection curve. Considering the losses during the transi-
tional period and the gain thereafter, the combination of a reduced number
of 101 mm gill nets with the addition of 140 mm gill nets, seems to be the
most profitable management strategy.

Due to the model being size-structured, it appears to be very suitable for
analysing the impact of gill net fisheries on the size- and age-structure of the
fish stocks. Many different methods have been suggested for calculation of
the gill net selectivity (Hamley, 1975). The model is readily capable of eval-
uating the effect of different approaches to selection curves, like unimodal
curves with constant efficiency (Holt, 1963) or bimodal curves with increas-
ing efficiency for larger mesh sizes (Hamley and Regier, 1973).
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