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Abstract

Fisheries models usually characterise the concentrations of fish and the distribution of the fishing fleet by spatial averages
over large areas assuming homogeneous spatial characteristics. Many important management questions, such as those relate
to the spatial effects of closed areas, cannot be addressed by such models. This paper presents a model which describes th
spatial movement of individual fish schools and the spatial response of individual fishing boats, and which can be applied on a
much finer scale and thus can be used to analyse the scale-dependent development of the fishery. The motion of the fish is base«
on assumptions about time-dependent gradients in the relative attractiveness of nearby grid cells which motivate migrations
based on feeding and spawning factors. The motion of fishing boats is modelled in a similar fashion, with the attractiveness
of neighbouring cells based on historical catch records as a function of position and time of year, as well as whether current
catch rates are high enough to justify staying in the same cell. Our model showed that marine reserves increase fish biomass but
decrease fish catches. It is also indicated that marine reserves are of limited use when not combined with quotas of catches. Our
findings also point that transfer rates of fish increase the benefits of marine reserves in terms of fish biomass but decrease fish
catches.
© 2005 Published by Elsevier B.V.
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1. Introduction

A . Much of the difficulty in fisheries modelling and
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addressGiller et al., 2004, since most fish species are etal., 1993 but generally not in terms of the interactive
very mobile, and while fishing fleets are also mobile dynamics ofthe movement of fish stocks and the fishing
their ability to locate fish aggregations is usually lim- fleet. Itis generally accepted that cellular automataare a
ited to those within a range of several hundred metres useful tool when dealing with uncertainty and complex
(there are some exceptions — surface-schooling fish like ecological systemsWu and David, 2002; Wiegand
menhaden can be located with spotter airplanes). Stocket al., 2004.
assessments usually deal with the movement of fish ~ Several pelagic fish species migrate from feeding
by averaging the populations over large areas, typi- to spawning areas depending on seasondiigatmish
cally several hundred square kilometres (eNAFO et al.,, 200%. Since the motion of fish and boats
map) and stock sizes are almost always calculated on does not follow precise predictable rules, it is com-
an annual basis. These assessments are of limited valuenon to model it by a stochastic procegsn, 2003).
to fishers, particularly those who use fixed gear or who For fish this attraction depends on environmental fac-
are restricted in the region they can fish because theytors such as water depth and temperature, and also
use small boats or are subject to local regulatory restric- includes variables to describe changes in preference for
tions. They also do not provide a suitable basis for spawning sites, feeding areas, and attractive locations
assessment of localised management measures, such g8lagnisson et al., 2005Therefore, the attractiveness
marine protected areas (MPAs) and seasonal closures.of an area for fish movement depends on seasonality
An alternate approach is to focus on the spatial taking into account the abovementioned parameters.
distribution of the fish and fishers, and to develop mod- The motion of the fleet is similar, but with an attraction
els which focus on the factors affecting their motion, potential based on the historical record of fish abun-
rather than trying to add transport mechanisms to dance Gillis et al., 1993; Gillis et al., 1995 Thus, the
models based on population dynamics and ecologi- attraction potential of an area for the fishing fleet is
cal interactions. One way to do this is by the use of based on a past empirical knowledge of fish biomass
cellular automata, which are designed specifically for records depending on seasonality.
the modelling of the dynamics of spatial distributions Movement of fish has since long ago been a topic
(Wolfram, 1983a; Ermentrout and Edelstein-Keshet, of interest in ecologyBardach, 1958; Gerking, 1959;
1993. A cellular automaton is a grid-based discrete Gibson, 196Y. Modelling tools for the movement of
time model with rules describing how the occupancy fish schools are given among otherdhyth and Wissel
of the grid cells changes from one time step to the next. (1992) Vabo and Nottestad (199@hdStocker (1999)
Usually it is assumed that the contents of each cell Modelling fish movement using cellular automata is a
depend only on the contents of it and adjoining cells well established technique (e.¢la, 1985; Sicker,
during the previous time step, which provides a discrete 1999. There are also studies modelling the learning
representation of the continuous motion of objects (in behaviour of fishers (e.gXiao, 20094. However, there
this case fish and fishing boats) between positions rep-are no spatially-explicit learning models on the interac-
resented by the cell&\(olfram, 1983p. However, the tion between fish and fishers. In addition closed areas
use of cellular automata in ecology can have trivial such as MPAs are becoming a popular measure for fish
results when significant biological characteristics are conservationklorwood et al., 1998 There are several
omitted or misinterpretedRuxton and Saravia, 1998 models evaluating the impacts of closed areas (e.qg.,
so identifying the correct rules for iterating from on Guénette and Pitcher, 1999; Lockwood et al., 200.&
time step to the next is of critical importance. these models are not spatially explicit and they assume
The use of cellular automata is not the only way to homogeneous spatial properties. Furthermore, marine
address the modelling of spatial aspects of fisheries. reserves are not always beneficial to fisheries manage-
One of the earliest approaches was thaAtén and ment Hilborn et al., 2003 and the spatial behaviour
McGlade (1986)vho approached the fishery from the is important for the evaluation of closed are&sn(th
perspective of self-organising systems, whiligborn and Wilen, 2003 Itis unclear if closed areas generally
and Walters (1987reated the problem from an opti- increase fish catchesi¢rwood et al., 1998; Hilborn
misation viewpoint. Considerable effort has gone into et al., 2004. Furthermore, it is reported that when fish
trying to understand the strategy of fisheGillis transfer rates are high the benefits of marine reserves
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are decreasedPplacheck, 1990; Ganette and Pitcher,
1999. It is also reported that closed areas will have
little effect in fisheries management, if catchability is
not regulated tooHorwood et al., 1998

Given that using traditional modelling approaches
it is difficult to evaluate the effects of closures, since
there is little information on fish and fishers’ spatial
dynamics and distribution, we therefore propose
the use of spatially explicit modelling tools such

water column characteristics, bottom type, and other
local effects. Such characteristics of fish movement
have been identified in large scaldumston et al.,
2000 and micro scaleEdgar et al., 2004fishery sys-
tems, in pelagic fistgrill et al., 1999 as well as in reef
fish and tropical fish§heaves et al., 1999; Chapman
and Kramer, 2000

The same general mechanism applies to the fishing
fleet. They are assumed to stay in the same cell as long

as cellular automata as appropriate for addressingas they are catching fish, but if the catch rate is too

this question. We apply a spatially explicit model
where fisher's behaviour is based in knowledge of
the past fish behaviour. The aim of this model is
to provide a spatially explicit learning model for
modelling the interaction between migratory fish and
fishers and to provide a tool for evaluation of closed

low they move towards the neighbouring cells in which
historically fish has been most abundant. They do not
steam to a distant fishing ground in this model, but only
move as far as an adjoining cell on a daily basis.
These movement mechanisms are not strictly deter-
ministic, as a degree of randomness is introduced. In

other words, fish schools and fishing boats generally
move to the cells which are most attractive according
to a probability distribution which favours the more
attractive cells but also admits a finite probability of
moving to a somewhat less attractive cell. This offers a
The model represents a small spatial marine area means for allowing the fleet to spread out, since boats
by a rectangular grid of cells. Each cell is charac- do not prefer to concentrate on the same fishing ground
terised by the initial number of schools and a number even if they have identical expectations of where they
of fishing boats which is considered fixed in the model. will catch the most fish, but avoids having to model
The state of the cells (fish schools and fishing boats) explicitly the tendency for the fleet to cover a larger
changes on a daily basis through a set of rules involv- area. The extentto which the fleet and fish stocks spread
ing the current state of each cell and its eight adjacent can be controlled by a parameter which specifies that
cells. a certain number of the less attractive cells will not be
For both the fish schools and the fishing fleet the occupied on the next time step, that is to say that the
movement between cells at each time step is deter- probabilities of moving to the least attractive cells is
mined by a set of attractiveness potentials. For fish the automatically set to zero.
attractiveness is an indication of the known migration Fish migrations are driven by a number of biological
patterns — for example, at the onset of the spawning and oceanographic factors which vary from one stock
period the regions preferred for spawning become more to another. Some fish seemto feed continuously and fol-
attractive and the areas where the fish had been previ-low their food supply, spawning wherever they happen
ously, presumably the areas where they could feed andto be feeding during the spawning season, while others
grow best, lose attractiveness. During the daily iterative have well-defined spawning areas and sometimes stop
calculations the fish sense the relative attractiveness offeeding in order to move to these areas. Food supplies
adjoining cells and move in the direction of the cells candepend onwatertemperature, upwelling, and a host
which are most attractive. In other words, migration of other factors. In this model we simply assume that
is not described as a process of moving to a known the areas where fish are likely to go at different times
distant location, but rather a matter of sensing local of year are known without considering the underlying
gradients in the attractiveness of cells in the immediate mechanisms and model fish migrations so as to match
neighbourhood and moving preferentially towards the experimental observations.
most adjoining attractive cells. This mechanism offers ~ There are no ecological considerations in the model
away not only to model seasonal migration, but also to — feeding and natural mortality are treated as fixed and
include detailed habitat effects based on bathymetry, do not involve models of prey and predators.

areas.

2. Problem formulation
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3. Assumptions and limitations of the model access. It would of course be more realistic to update
this database continuously during the period when there
Because this model is intended primarily to provide s fishing.
ameans for describing the spatial dynamics of fishand  While there is a body of literature dealing with
fishers, a number of simplifications have been made in strategies of fishing and bioeconomic models of where
the present formulation. boats go Kilborn, 1985; Sampson, 1991; Gillis et al.,
Most fisheries involve dozens of different commer- 1995, in this paper we assume that the fishers are sim-
cial species, a variety of fishing techniques, and a very ply looking for fish and we do not take into account
varied mix of catches either because the fishery is delib- steaming time or economic factors. We also did not
erately a mixed one or because there is unavoidable byinclude a wide range of environmental effects and other
catch in a directed fishery. However, in this model we factors affecting the dynamics of the fishery. In our cur-
consider only one stock of fish and a single uniform rent modelling approach we ignore such refinements as
fishing fleet. A second simplification is that there are group fishing tactics in order to optimise the combined
seasonal migrations for spawning, but the recruitment fleet catch, as described bgne (1988)andSampson
process is represented only by continuous incrementa-(1994) However, parameterisation of the model is a
tion in the biomass of fish. This is due in partto the fact greater problem, since the basic structure of the model
that the stock is not age-structured. Furthermore, thereinvolves the probabilities that fish and fishing boats will
are no ecological interactions, which would of course move from where they are to a nearby location, and
involve introducing additional species to the model. these cannot be determined from first principles. The
We assume that the fish migrate to preferred feeding only practical alternative is to estimate these param-
grounds, but the presence of food in those areas is rep-eters by inverse modelling, namely finding values for
resented by a fixed annual cycle rather than by dynamic the attractiveness coefficients which give rise to rea-
modelling of the food web. A similar but more sophis- sonable output, and this has been done in calibrating
ticated approach to modelling areas of attractiveness the present version of the model.
under uncertainty is proposed Bynot et al. (2004)
Similarly the behaviour of the fishing fleet is highly
simplified, and we assume that boats rely entirely on 4. Implementation
information on current catches in their present loca-
tions or on historical records of fish distribution. This 4.1. Characteristics of the map
ignores the fact that some fishers cooperate and advise
each other by radio, or thatin some cases (mainly near- The model is based on a grid of square cells. We
surface schooling species) the fishery even uses spottefepresent land and closed areas by sets of rectangles
planes to locate fish concentrations within large areas. which are closed, respectively, to fish and boats, and
Furthermore, we assume that all fishers have access tqustto boats. These rectangles are defined in simple text
the same information, namely the historical distribu- files where two pairs of coordinates represent oppo-
tion of fish in all areas — this is of course not the case site corners of each rectangular area. The size of the
in real fisheries. grid can also be modified. For the simulations shown
A further drastic assumption is that boats can fish here a grid of 96« 100 (9000 cells) has been used.
continuously — we do not keep track of how full their Periodic boundary conditions which are used in many
holds are and do not calculate steaming time to port. In cellular automata implementationg/¢lfram, 19833
this way we can deal only with the number of boats in have been omitted as not relevant of fish or fishing
each cell without having to maintain catch records for boats movement.
individual boats. We included another simplification The actual size of the area modelled is arbitrary,
by basing the historical distribution of fish on that for but given the assumptions of the model there are some
an unexploited stock. We do this by running the model restrictions that must be respected if the results are to
for 100 years without any fishing mortality and storing have any semblance of realism. If we model the North
the result in a “database” of fish concentrations in each Sea with a 90« 100 cell grid then each cell is approxi-
cell on a monthly basis to which all the fishers have mately 7 km on a side and has an area of about 50 km
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to the most attractive cell is highest. The probability of
moving to the least attractive cells can be set to zero by
adjusting a user parameter, which limits the degree to
which the stock spreads. The probability of moving to
a cell which is land is of course zero, and fish schools
that occupy the same cell can join together and form
larger fish schools up to a certain threshold value. If the
combined biomass of the fish schools in a cell exceeds
that threshold, then the schools do not merge.

The dispersion of the fish can be controlled by lim-
iting the number of cellsl; that they can move to. This
too is a parameter that can be set by the user in a text
input file, and basically it keeps fish from moving to
a specified number of the least attractive cells. This
assures that fish schools will either stay at their cur-
rent location, or if they move they will go to a location
which is at least marginally more attractive than the
current one.

When two temporary areas of attraction are given,
such as a feeding and a spawning area, fish seasonally
migrate from one areato the other. Itis also possible that
multiple centres of attraction are active atone time (e.g.,
several feeding areas). In short, the user can specify the
rectangular area of attraction, the days of the year that

Fish movementis based in centres of attraction (e.g., the area of attractiveness is active and the strength of
feeding—spawning areas) that are activated accordingattraction of that ared~g. 2).
to seasonality. The attractiveness potentials are entered
as rectangles of attraction and smoothed by Gaussian4.3. Fish recruitment
distributions of width which can specified by the user
to tune the strength and range of the attractiveness In our modelling approach, age structure is ignored
gradients. There can be multiple centres of attraction, and there is no seasonality to recruitment, so a con-
and the strength of attraction is also a user-controlled stant population growth rate could be used. However,
variable. The subsequent movement of fish schools is for flexibility in future development we define a differ-
determined by the neighbouring cells. For each cell on ential growth rategy=R — M as the difference between
which a fish school is located, we examine the attrac- a recruitment rat® and a natural mortalitiy, which
tiveness of the eight adjacent cells as showhigq 1 can be defined separately at a later stage. A stochastic

These nine cells are referred at as the neighbourhoodelement is included so that the actual growth rate varies
of the cell to be updated and include the cell itself. The slightly about the mean.

Fig. 1. Representation of a cell and its neighbourhood.

This is plausible with a daily time step, meaning that
the fish schools and boats might move about 7 km/d,
although of course they can move much more than that.

4.2. Fish movement

attractiveness of the current cell, which determines the
likelihood of not moving to another cell, is multiplied

by W;, which is the unwillingness of fish to move to

another cel\W; is an input parameter and varies accord-
ing to the behaviour of the fish modelled. Some fish
schools tend to move faster while others tend to remain
longer in one place, which is represented by different
values ofW;. The probability of moving to any of the

other eight adjacent cells is based on their attractive-
ness potentials, and of course the probability of moving

A density-dependent recruitment term is also
included, reflecting the logistic growth of populations.
Thus, the actual growth expression used in the model is
G=RB- MB whereG is the total population growth,

B is the biomass, anf is a constant roughly equal to
one divided by the maximum biomass (more precisely,
B=(1— M/R)/Bmax). For heavily exploited populations
the density-dependent correcti@®B is small, but it
plays an important role in initialising the model with
an unfished stock.
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fish is part of the model input and can be changed
as often as desired, even daily, the attractiveness of
cells for fishing boats is the result of the initialisation
simulation and is calculated on a monthly basis. The
probability of staying in the current cell depends on the
presence of fish. Boats are excluded from closed areas —
these closures can be temporary, but in the simulations
shown here they are permanent.

An additional characteristic of the fishing fleet is the
willingness of boats to move. Boats that are catching
fish have an incentive to stay where they are, but if they
think that there are more fish in an adjoining cell (based
on the historical simulated database of fish abundance)
they may decide to move, and their willingness to move
depends on how ready they are to accept the risk of
giving up known catches in their present location for
Fig. 2. Snapshot of the motion of fish schools and boats. The dark the chance of hl.gher catches elsewhere.
areas represent land, and the four areas F1, F2, S1 and S2 represent We also restrict the number of boats that can occupy
seasonal feeding (F) and spawning grounds (S) which are centersthe same cellEmax. This is an input parameter and
of attraction. The light area shows a temporary attraction to feeding depends on the size of the cells and other factors. For the
ground F2, and the dots represent schools of migrating fish. The gimulations shown here the maximum number of boats
circled dots represent fishing boats. in a cellis three. Itis assumed that even if several boats

occupy the same cell they are fishing independently.

SinceR andM are not modelled independently at Fishing boats cannot enter closed areas. Closed areas
this stage, we have simplified the structure of the model are entered as rectangles. We have included the effect of
by neglecting natural mortality (i.,eM=0) so that closed areas in the model by setting the attractiveness

B=1Bmax andG=RBx (1 — B/Bnax). In the simula- to fishing boats of these areas to zero even if there are
tions used for this paper the biomass is approximately fish present.
half of Bmax.

The daily stochastic update of the fish biomass is 4.5. Fishing mortalities
made via the following procedure: in each time step,
a uniform random number in [0, 1] is used. Ifu is When a fish school and a fishing boat are present
between [0, 1/3] then the growth rate of that day equals at the same cell then the fishing boat will catch some
to 0.99%. If u is between [1/3, 2/3] then the growth fish resulting in fishing mortalities. Fishing mortalify
rate of that day will be equal t&. If u is between is computed with a version of the usual catch equation
[2/3, 1] then the growth rate of that day will equal to Z=gEwhereqis a catchability coefficient anis the
1.001G. Doing so, we assure that on average the growth effort as measured by the number of boats in each cell -
rate will follow the logistic growth rate however, there  each boat represents one unit of effortin this model. The
are stochastic variations of the growth of biomass on a effort E and fishing mortality are computed separately
smaller time scale. Also the yearly based growth @te  for each cell, so the catch per cell is givendy qEB
is updated on a daily basis using the compound interestwhereB is the biomass of fish in the cell. This value is
formula. subtracted from the total fish biomass and recorded as
part of the total catch.
4.4. Vessel movement
4.6. Initialisation
The movement of fishing boats is modelled similarly
to that of fish schools, but with some obvious differ- To run the model it is necessary to specify an initial
ences. Although the attractiveness of different cells for fish biomass and number of fish schools. The fish are
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Table 1
Summary of models’ input parameters

Fish characteristics

Wk Unwillingness of fish to move

G(G=R-M) Growth rate (growth = recruitment natural mortality)

Brmax Maximum fish biomass that the system can sustain

Nc Maximum number of adjacent cells for which the probability of moving is
greater than zero. This value affects the degree of dispersal of fish schools,
Ne <9.

B Total initial fish biomass

Ns Initial number of fish schools

Shax Maximum size of a fish school. Schools can merge only if the total biomass

within a cell is less tha®max

Boat characteristics

Q Catchability coefficient
Etotal Number of fishing boats
Wh Unwillingness of fishing boats to move
We Unwillingness of fishing boats to move if they are currently catching fish
Emax Maximum number of fishing boats in one cell
Characteristics of attractiveness
Number of areas of attractiveness Upper leftand down right coordinates of the area of attractiveness (spawning,
feeding areas, etc.)
S Width of Gaussian smoothing functions
If Strength of attractiveness potential
Map and simulation time
Number of squares needed to describe form of coastline Upper left and down right coordinates of the closed squares
Number of closed areas Upper left and down right coordinates of the closed squares
Lsim Number of simulation years

divided into schools of equal biomass and distributed boats. Sequentially, the fleet is activated and begins to
randomly on the grid, on cells that do not contain other catch fish.

fish schools and are not land. We run the model for

during a period of time without interaction between 4.7. Technical aspects — summary of input

fish and fishing boats. During these simulation years parameters

only natural fish mortality is included and there is no

fishing mortality. In the results presented in this paper ~ The model was programmed in Borland C++ and
we used a 110-year period of simulation without fish- makes extensive use of object-oriented techniques
fishers interaction. The first 10 years are discarded, (Silvert, 1993; Fortin et al., 20Q3Table 1summarises
since we found that it was the time needed for the the input parameters for the model, which are entered
system to reach a steady state. Subsequently, we kepin text files and can be changed by the user without
monthly records of the average fish biomass for each recompiling the model.

cell during the 100 simulation years. We treat this as

a fish distribution database which is used to determine

the attractiveness of each cell for fishing boats — the 5. Methods

fishing boats are assumed to prefer to fish in places

where historical records and experience show thatthere  The output of the model generates continuous ani-
are usually fish. After the 110-year simulation without mation on a daily basis in colour of the motion of fish
fishing boats is completed, fishing boats are randomly schools and boats. Figures presented in this paper are
distributed on cells that are empty, that are not land or black-and-white snapshots of the general pattern of the
closed areas, and that do not contain any other fishing simulations. In the actual simulations the fish schools
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and boats are represented by dots of different colours, the combined effects of closed areas and catchability,
but in the figures of this paper the boats have been cir- we run a simulation without closures. Thereafterwe run
cled to distinguish them. Land is represented by the a simulation with the same input parameters as before
black areas and water is represented by various lighterbut with a closed area located on a spawning area and
shades of grey. The different shades represent areawith 25% higher catchability than beforEi§. 4).
of various degrees of attractiveness to boats that vary It is reported that when fish transfer rates are high
through the year on a monthly basis. The seasonal boat(i.e., fish that move fast and usually are large-sized), the
attractiveness is represented by gradients of grey — thebenefits of marine reserves are decrea&adacheck,
lighter shades represent more attractive areas, so thel990; Genette and Pitcher, 199%iven that the stud-
boats move generally towards areas with lighter shadesies that reported this result were not spatially explicit
(Fig. 2. We also keep record of total fish biomass on and were not based on a learning fishers behavior,
each day as well as fishing mortalities. we examined if this is valid when fishers are “more
A simulation scenario that we run was to test intelligent” in their behavior in the model. In other
whether closed areas increase fish catches. In order towords we tested if the effect of closed areas is lim-
do so, we run a simulation without a closed area and ited when fish moves fast but fishers move on a similar
sequentially another simulation using the same input pace with the fish too. We achieved that by running a
parameters. The closed area was placed at a spawningimulation with slower moving fish (fish unwillingness
area. Therefore, during spawning period at the spawn-to move was high) and slower moving fishers (vessel
ing area there were no fishing mortalities. During this unwillingness to move was equally high too). Sequen-
simulation run, we used only one feeding area and one tially, we performed another simulation with the same

spawning areaHig. 3). input parameters as before but with fish that moves
Often the benefits of closed areas are reported to 20% faster (fish unwillingness to move was 20% less
be lower than expectedSith and Wilen, 20083 In than before). We also modified fishers’ unwillingness

addition, it is reported that closed areas will have little to move by 20% too. In both simulation runs the closed
effect in fisheries management, if catchability is not area was located at the same area which was a spawn-
regulated tooKorwood et al., 1998 In order to test ing area. All the other model input parameters were

Fig. 3. Snapshots of simulation runs without (left picture) and with a closed area (right picture). The closed area is located on a spawning area.
Land is depicted with black color. The zone of attraction for the fish is close to the shore (spawning area) and the boats (circled dots) are close
to the fish schools (left picture). When a closed area is introduced, most of the fish schools are inside the closed area, while the boats are outsid
(right picture). Both simulations were carried out with the same input parameters and the feeding area is located on the upper left end.
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There are several fishing boats that are trying to catch
fish at areas that fish biomass is too low during that

month. Another problem that occurs is that when too

many areas of attraction are active at the same time
(usually more than eight), fish seems to be confused
too. Inthat case fish does not migrate but usually devel-
ops chaotic local micromovements.

According to our results, closed areas increased fish
biomass but also decreased fish catckég 6). In the
simulation run where there was no closed area, mean
fish biomass was 25380+(360) meanwhile when the
spawning area was closed to fishers mean fish biomass
was 26300t £1290). Mean fish catches were 680t
per year £61) without any closures meanwhile with
the introduction of the closed area decreased to 580t
(£53).

When no areas were closed to fishers and fish
Fig. 4. Simulation snapshot during the spawning season. The spawn- catches we_re normal, fish biomass per year was_25380 t
ing area is closed to the fishers. When closed areas are introduced(£1360). Fish catches per year where 68661). With
at feeding or spawning areas (that are areas of attraction for fish) the introduction of a closed area located on a spawn-
fishing boats tend to fish close to the border of these areas. ing area and with a 20% higher catchability, mean fish

biomass per year was 2503G#1410) and mean fish
catches per year were 720§6)t. Thus, closing an
kept constant in both simulation runs. In both simula- area and increasing fish catchability by 25% resulted
tions fish had a feeding and a spawning area as areasn a reduced a mean fish biomass 300t per year but it
of attraction (totally two areas of attraction). increased fish catches by 40t per yd@g( 6).
Fish that moved at slower pace had mean annual
total biomass 26100 tf1330), meanwhile 20% faster
6. Results moving fish had on average 26300t per year total
biomass £1290). Fish catches for slower moving fish

Fish and fishers behaviour was generally very real- were 603t per yeat53). However, fish catches in the
istic. When only one area of attraction is active at a case of faster moving fish were 580t per yeab8).
time (one feeding and one spawning area), fish move- Therefore, a closed area located on a spawning area
ment is dispersed over an imaginary line that connects resulted in slightly higher fish biomass per year on aver-
these two areas of attractiveness depending on seasonage in the case of faster moving fish but in lower fish
ality. When multiple centres of attraction are active catchesFig. 7).
at the same time, some fish follows a trajectory con-
necting these areas of attractiveness, while some other
develop some more “favourite” areas and move more 7. Discussion
locally. Vessel movement is generally realistic too.

Fishing boats generally follow seasonal fish migration Even though are model is based in inverse mod-
too. When closed areas are introduced at feeding or elling due to the absence of data of fish biomass per
spawning areas (that are areas of attraction for fish) cell, our results are in agreement wittutton et al.
fishing boats tended to fish close to the border of these (2004) who reported that seasonal migrations of fish
areas. from spawning to feeding areas are well followed by

The model under circumstances develops also unre-fishers. However, in the model when initial fish biomass
alistic behaviour. When the initial fish biomass that is was too high during the “learning” simulation period
introduced is too high fishing boats seem to be lost. vessels seemed to be lost trying to catch fish in wrong
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Fig. 5. Total fish biomass (upper graphs) and fish catches (lower graphs)imetiic t for 2200 years of simulation. Graphs on the left show

fish biomass and fish catches of a simulation that does not include a closed area. Graphs on the right show fish biomass and fish catches of
simulation using the same initial conditions as the previous one but with a closed area that is located on a spawning area. Fish catches start fron

year 110 due to the learning period.

places. That is due to the fact that during the 100-year avoided in the simulations presented by setting initial
“learning” simulation period there are no fishing mor- fish biomass that did not exceed 40% of the maximum
talities. Therefore, fish population is limited only by expected fish biomass.

natural mortalities. As a result during the “learning” Our model failed to live up to the reality when
period fish population is larger than it would be in real- more than eight areas of attraction were introduced
ity, and therefore, fish schools will be present at less (for example four spawning and four feeding areas).
attractive areas due to the fact that attractive areas will This is due to the fact that in our model fish “thinks”
be overpopulated. Given that the mean fish biomass that should pass through all active areas of attraction.
per cell on a monthly basis of the 100-year “learning” In other words when two feeding areas are active at
period are used as the attractiveness potential of vesseh time, fish will try to pass through both of them. In
movement, fishers will tend to fish at places that there reality fish will stay at a feeding area at the feeding
was fish during the learning period but when fishing season as long as there is prey available. Since there
mortalities are introduced, fish population is lower and are no prey-predator interactions and no food stocks
present mainly at the most attractive areas since thesein the model we modelled fish migrating behaviour
areas are not overcrowded. However, this problem was instead. Therefore, when many areas of attraction are
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Fig. 6. Total fish biomass (upper graphs) and fish catches (lower graphs)imetiic t for 2200 years of simulation. Graphs on the left show

fish biomass and fish catches of a simulation that does not include a closed area and with normal catchability. Graphs on the right show fish
biomass and fish catches of a simulation using the same initial conditions as the previous one but with a closed area located on a spawning area
and with 25% higher catchability. Fish catches start from year 110 due to the learning period.

active at a time fish is confused and model response isdecrease fish catches. Interestingly when the spawn-

unrealistic. ing area was closed to fishers, mean fish biomass
There is a debate on whether closed areas increasevas higher but the variance was lower. Therefore,
fish catches Horwood et al.,, 1998; Hilborn et al., it seems that indeed closed areas create a fish pop-

2009. Hoffmann and Dolmer (2000)n a study ulation buffer. Furthermore, the relative increase of
in a fjord system in Denmark found that closing the fish biomass when the spawning area was closed
an area had no long-term effects on the distribu- shows ((26300- 25380)/25380=0.04) which a 4%
tion of fish and epibenthic invertebratdgank et al. increase is. The relative decrease of fish catches was
(2000) studying the Scotian Shelf found that “evalu- ((580— 680)/680=0.15) or a 15% decrease. That
ation of the effectiveness of the closed area revealed means that based on the learning behaviour of fishers,
that the management objective was not fully met”. heavy fishing activity was taking place at the spawn-
However, it was also found that “the closed area ing area that was closed on the second simulation run.
does appear to have had some benefit to groundfishThis resultisin agreement witkuss and Alcala (1996)
species in terms of increased abundance”. According which reported that marine reserves export adult fish
to our findings closed areas increase fish biomass andbiomass.



DTD 5

12 A. Moustakas et al. / Ecological Modelling xxx (2005) XXx—XXx
350 350
300 m 2004
|
g o] IRt ity | Wiy
% oy 250
g @
S 200 £
5 ©
= S 200+
@ 1504 5
i 7]
i
150
100
5] 100+
0 . — : ‘ — ‘ 50 e — , S . ——
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
10 10
8 4 8-
% o i ! E !: | LA i
£ 4l 2 | ! I | |
%] S 6 M | I i |
E E I | I I
o ($]
= i =
i.u_: 4 4 R
i
24 24
0 —— —— 0 — ‘ : — ‘ ‘
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Year Year

Fig. 7. Total fish biomass (upper graphs) and fish catches (lower graph$)rimetiic t for 2200 years of simulation. Graphs on the left show fish
biomass and fish catches of a simulation with slower moving fish. Graphs on the right show fish biomass and fish catches of a simulation using
the same initial conditions as the previous one but fish and fishers move on average 20% faster than before. In both simulations the spawning
area was closed to fishers. Fish catches start from year 110 due to the learning period.

However, the abovementioned results are valid only closed area more effectively. That is probably due to
when fisheries are not regulated by quotas. Our resultsthe fact that fish need to feed and reproduce. There-
show that when an area is closed but there are no catchfore, during feeding and spawning season fish will most
regulations fish biomass is reduced and fish catches ardikely be located at some specific areas. On the mean-
increased, resulting in the opposite outcome than the time, when not in the feeding or spawning season, fish
one desired for fisheries. Thus, this complies with the will migrate. However, faster moving fish will develop
results ofHorwood et al. (1998)hat “a displacement  a more unpredictable behaviour due to higher swim-
of the fleet from one locality to another will generally ming velocity. That makes fish with higher transfer
have little effect if the same quota is taken”. rates more difficult to detect from fishers, and there-

Our spatially explicit evaluation of the benefits of fore, more difficult to catch. This result is in contrast
marine reserves showed that when fishers are “intelli- with the findings ofPolacheck (1990and Guénette
gent” in the models basing their fishing spatial pref- and Pitcher (1999vhich found that transfer rates of
erences on past fish behaviour, transfer rates of fishfish decreased the benefits of marine reserves. How-
increased the benefits of marine reserves in terms of ever,Guénette and Pitcher (1998sted the benefits of
total fish biomass. Higher fish transfer rates decreasedthe reserve size as a proportion of the total area. Spa-
fish catches. It seems that faster moving fish used thetial homogeneity was assumed and there was no spatial
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information on where exactly the marine reserve was that the method of cellular automata could prove very
located (e.g., it would make no difference if a spawn- valuable.
ing area was closed or just an area of equal size at a Notice: The pseudo-code of the model is available
random location). We therefore believe that spatially upon request.
explicit information as well as the “learning” behavior
of fishers are the key factors for the difference in our
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