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Abstract

The �shing industry is one of the cornerstones of the Icelandic economy, as well as
being deeply embedded in the nation's culture. With modern �shing techniques, the
strain on the �sh biostocks has increased signi�cantly, and protecting the resource
has become a matter of great importance. A good understanding of the resource is
vital, as is understanding the system by which the resource is harvested, processed
and sold. The mapping of the Icelandic �shing industry from a system's perspective
could provide valuable insight for a responsible use of the resource by examining
the system in a holistic way. Using the methods of systems analysis, the Icelandic
�shing industry was mapped using stock-and-�ow diagrams (SFDs) and causal-loop-
diagrams (CLDs). The system was examined on a macro scale, focusing on the �ow
of �sh from the oceans to the consumers and the opposite �ow of currency. Key
feedback loops were identi�ed from the CLDs. A simpli�ed version of the diagrams
was made, from which a computer model was generated using the STELLA software
and simulations done for the Atlantic cod (Gadus morhua). The simulations were
able to recreate the system's behavior to an acceptable level and the results show
that the current use of the resource is within the parameters of sustainability, while
yielding a good economic growth.

Útdráttur

Sjávarútvegurinn er ein af grunnstoðum íslenska efnahagsins, auk þess að hafa mikið
sögu- og menningarlegt gildi. Með vélvæðingu �otans hafa afköst aukist til muna
og þar með álagið á nytjastofnana. Verndun þeirra gegn ofveiði er hefur því fengið
aukið gildi á seinustu áratugum. Djúpur skilningur á �skveiðiker�nu er ekki síður
mikilvægur en þekking á stofnunum. Kortlagning á íslenska sjávarútveginum sem
heildstæðu ker� gæti ge�ð þýðingarmikinn skilning á því hvernig auðlindin verður
best nýtt á sjálfbæran hátt. Skýrslan lýsir kortlagningu Íslenska sjávarútvegsker-
�sins með aðferðum ker�sgreiningar, þar sem stuðst er við �æðirit (stock-and-�ow
diagram, SFD) og orsakatengslarit (causal-loop-diagram, CLD). Ker�ð var skoðað í
stóru samhengi og áherlan á �æði �sks, annars vegar, og �æði peninga, hins vegar,
auk þess sem lykil orsakatengsl voru greind. Á grunni þeirrar vinnu var einfaldað
hermilíkan gert í STELLA hugbúnaðinum og keyrt fyrir þorskstofninn. Líkanið her-
mdi hegðun ker�sins á fullnægjandi hátt og sýna niðurstöður að núverandi notkun
þorskstofnsins er arðbær og innan sjálfbærnimarka.
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1. General Information

The vast North Atlantic ocean has through the centuries played an important role
for Icelanders, providing a large source of food but also isolation and harsh weathers.
Fishing and agriculture have formed the backbone of Icelandic economy through the
centuries. Historically an important source of food and export goods (Þór, 2002),
the �sh in the sea continues to be an important resource for the small island nation
in modern times. In 2015 Iceland exported 2.156.315 tonnes of marine products
which accounted for 42,2% of Iceland's exports by value (Statistics Iceland, 2016).
Despite the small population, the country ranks high internationally for value of
capture production (FAO, 2015). Tourism has only recently overtaken the �shing
industry as the largest industry in Iceland, but it still continues to be a cornerstone
in the Icelandic economy. With �sheries distributed along most of the coastline,
�shing and other associated activities have played an important part in shaping the
society and continues to do so.

The long-term welfare of the resource is therefore of great importance to the Icelandic
people and to the nation's economy. Understanding the resource is an important
part of being able to utilize it e�ectively and e�ciently. Marine research has been
conducted in some form in Iceland since the early 20th century. Initially this research
was done by independent researchers, but in 1937 the Department of Fisheries at
the University of Iceland was founded. Following the second World War, there was
considerable growth in the �eld which eventually led to the founding of The Icelandic
Marine Research Institute (MRI, Hafrannsóknastofnun). The MRI is the largest
institute of its kind in Iceland and is governmentally funded by law. The institute
deals with all facets of marine research, research on �shing equipment, consulting
on the use of marine resources and more, as required by law (Hafrannsóknastofnun,
Lög um rannsóknir í þágu atvinnuveganna nr 64/1965, Lög um stjórn �skveiða nr.
116/2006). The MRI works in conjunction with other o�ces under the Ministry of
Industries and Innovation such as the Directorate of Fisheries, Matís, the research
center for �sheries and agriculture, and Matvælastofnun, the Icelandic food and
veterinary authority. Furthermore the Ministry of Internal A�airs manages the
Icelandic coast guard and the landing harbors. Together these o�cial parties oversee
the industry, striving for a responsible and sustainable use of the resource (Fiskistofa
(a), Lög um stjórn �skveiða nr. 116/2006).

The global demand for �sh products has risen dramatically in the last decades,
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1. General Information

with global consumption more than doubling since 1973 (Mente et al., 2011). At
the same time, capture-based �sheries have leveled o� since around 1990 and more
e�ort is required for the same yield (Henriksson et al., 2012; Tlusty and Lagueux,
2009). Global landings have now been declining by about 0.7 million tonnes annually
(Pauly et al., 2002). Decline in the biomass of the Atlantic Cod has been noted since
the 1960s (Beaugrand et al., 2003; Dulvy et al., 2003; Hutchings, 2000; Khan, 2012),
and loss of biodiversity due to resource collapse has been shown to a�ect recovery
potential, stability and water quality (Worm et al., 2006). Destruction of entire
species as a result of human actions (Dulvy et al., 2003; Pauly et al., 2002) has
already been seen and the current trend suggests that we might see a global collapse
of utilized species in our lifetime (Worm et al., 2006). However, successful rebuilding
of depleted stocks and reduced �shing e�orts have been reported in many instances,
so permanent damage to the resource may yet be avoided (Rosenberg et al., 1993;
Worm et al., 2006; Hutchings, 2000).

The longevity of the resource ultimately comes down to responsible use. We now
increasingly look towards sustainability, i.e. satisfying current needs without limiting
or compromising the potential of future use (Rosenberg et al., 1993). The world faces
great challenges in order to make a �nite amount of resources su�ce for an ever-
growing population, where everyone wants to have it all. As John D. Sterman puts
it: �Today the challenges we face are the result of systems we have created. The
hurricane or earthquake do not pose the greatest danger. It is the unanticipated
`side e�ects' of our own actions, side e�ects created by our inability to understand
and act in consonance with our long-term goals and deepest aspirations. (Sterman,
2002)�.

Following is a discussion on the aim of this study as well as its scope. Chapter 2 gives
a rundown of prior research in relevant �elds, with a focus on modeling for �sheries.
A description of the methodology and the data used is in chapter 3. In chapter 4 the
stock-and-�ow diagrams (SFDs) for the system are presented and following these are
the causal loop diagrams (CLDs). The system is split into 8 subsystems represented
in 9 �gures, after which the complete CLD is presented. Chapter 4 concludes with a
simpli�ed version of the CLD, which will be the foundation for the computer model
presented in chapter 5, along with the results from the computer simulations. In
the �nal chapter the results will be discussed and conclusions presented, along with
suggestions for further research.

1.1. Aim

A system such as the Icelandic �shing industry is a very complex one with many
variables to consider. Studying any such system is intrinsically interdisciplinary
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1.1. Aim

(Sterman, 2000) and relevant research �elds include engineering, biology, economics
and even social sciences. The system can be broken down into many subsystems
and the level of detail can virtually be set as high as desired. It is nevertheless
important to remember that a higher level of detail is not always required and may
even be counterproductive. With simplicity also comes clarity, since by reducing
the number of variables it becomes easier to understand how the system functions
and how di�erent parts interact. The obvious drawback of simplifying things is the
loss of information, but the deeper analysis of individual parts is left for further
research. Systems' researchers have pointed out that the human mind is not very
good at inferring the behavior of a system, much less a complex one, and can easily
miss critical or counterintuitive behavior (Sterman, 2002). A holistic understanding
of a complex system, such as this one, is desirable or even vital, in order to assess
its state and make any meaningful improvements.

The main purpose of this study is to build a dynamic model, which realistically
simulates the Icelandic �shing industry as a system on a high level. This model is
meant to give an overall view of the industry, but not focus on details. The level
of detail re�ects that this study is not designed to look at the speci�cs of a single
�shery or area, but to represent the bigger picture of the system. An analysis of
the whole system with the methods of system dynamics has, to my knowledge, not
been done before.

With such a model it is possible to assess the long term ecological and economical
viability of the resource, i.e. the �sh in the Icelandic �shing zone. It was decided that
the computer simulations should focus on the Atlantic cod (Gadus morhua) because
of its signi�cance economically, biologically and historically alike. For example, cod
or cod related products generally account for about 40% of Icelandic �sh exports
by value (Sjöfn et al., 2010). This was also done in order to simplify the numerical
labor involved in the heavy aggregation of species, with each its own recruitment
and death rates, biostock size, market value, production e�ciencies (that is waste
percentages), and so on.

The main goals of this study are to:

• Explore the viability of building a system model of the Icelandic �shing indus-
try;

• Determine if the current utilization of the Atlantic cod is sustainable and, if
not, �nd the resource's lifetime;

• Identify the parameters of sustainable use and the maximum sustainable yield.

Furthermore, with computer simulations, the e�ectiveness of the �shing control, such

3



1. General Information

as the harvest control rule, can be assessed and policies may be tested as needed. It
has been pointed out that a sustainable use is di�cult to attain and a part of the
reason is due to the scienti�c community not reaching a consensus of the resource's
status (Rosenberg et al., 1993). To address this, testing the importance of accurate
biostock estimations will also be made with computer simulations.

1.2. Scope

The �shing industry of any nation is no small system to examine, model and analyze
as discussed above. Even for a relatively small nation such as Iceland, there are
numerous interactions to consider and some are naturally more important than
others. Following is a listing of speci�c factors which were included or excluded in
the analysis of the system:

• The study is aimed at traditional capture �sheries in Iceland �rst and foremost,
though parts of the model may be applicable to �shery systems in general.

• The �sh harvested by the Icelandic �sheries is marketed both domestically
and internationally. While products that are shipped overseas go to many
di�erent markets around the world, examining each one is considered to be
outside the scope of this project. Therefore, only the domestic market and a
single consolidated international market are used.

• The e�ects of �sh migration are not examined when addressing the �sh stock
sizes and their dynamics.

• The market dynamics for other �sh products, such as �sh meal and oil, are
not addressed speci�cally.

• The production capacity of the �sheries is not modeled explicitly, but assumed
to be ample. It is therefore not a limiting factor in the supply chain.

• Recreational �shing or artisanal is not considered, though it is permitted by
law (Lög um stjórn �skveiða nr. 116/2006).

• The �shing equipment is not di�erentiated nor the e�ects of di�erent equip-
ment on e�ciency, habitat distortion, and so on.

• Traceability of products is not taken into account.

• Aquaculture is a rapidly growing �eld today and, in terms of food production,
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1.2. Scope

it is the fastest expanding �eld worldwide (Subasinghe et al., 2009; Henriksson
et al., 2012). With an annual growth of nearly 7%, aquaculture far exceeds
what traditional �sheries can sustain, where many areas are already being used
at the limit of their capacity (Subasinghe et al., 2009; Mente et al., 2011). The
presence of aquaculture does have some a�ect on the capture �sheries. Fish
produced through aquacultural means does for example increase the supply of
�sh and as a result a�ects the market price of �sh (Subasinghe et al., 2009).
As capture �sheries show less growth, requiring an increased e�ort to yield
the same amount, aquaculture might be breaching the gap between the supply
from the traditional �sheries and the consumers' demand (Henriksson et al.,
2012). However, aquaculture is separate from capture based �shing due to dif-
ferent methods and separate biostocks. There is no denying that aquaculture
is very important in modern �sh supply chains, but, as it is removed from
traditional �sheries, aquaculture is not taken into account in this study.

• The Icelandic quota legislation permits a degree of �exibility in the usage of
the annual given quota. This includes moving up to 15% of the given quota
for certain species between years, or - with some restrictions - allows �shing
beyond the given quota for certain species; the surplus will in turn be deducted
from the next year's quota (Lög um stjórn �skveiða nr. 116/2006). This is
done for the convenience of the �sheries so they may allocate their resources
in the most e�cient manner. None of these permissions will be included in
this study.

• The e�ects of climate change and ocean acidi�cation will not be taken into
account as a part of this study.

Last but not least, the conservation of mass in all stocks and �ows is a fundamental
assumption in the study.
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2. Background

2.1. The system dynamics approach

System dynamics (SD) emerged in the late 1950s as a form of simulation modeling
grounded in control theory and the modern theory of nonlinear dynamics (Sterman,
2000). The methodology is based on cause-and-e�ect studies of the subject, address-
ing information feedbacks, state variables and �ows. It is therefore the structure of
the model that determines its behavior, which is caused by the interactions of the
di�erent feedbacks present and dominance shifting between loops, along with the
stocks and �ows, time delays and nonlinearities (Sterman, 2000). The models rep-
resent a causal theory about the system which may then be used to design and test
policies to alter the system to the better (Lane, 2008; Sterman, 2000). For this,
computer simulations quite are useful as they allow researchers and managers to
test di�erent policies and see how the system reacts. As mentioned is section 1.1,
the human mind is not adept at inferring complex or non-linear behavior and it
has been stated that using computer simulations is a critical part of the modeling
process (Sterman, 2002; Lane, 2008).

Two tools are fundamental to the SD approach; these are causal loop diagrams
(CLDs) and stock-and-�ow diagrams (SFDs). Each will be discussed brie�y below.

2.1.1. Causal loop diagrams

CLDs use a simple format and are designed to emphasize feedbacks and variable
interactions. They allow good overview due to their simple format and are easy to
understand. This simplicity does come at the cost of precision as variable types are
not di�erentiated and behavior cannot be rigorously deducted, but must sometimes
be inferred (Lane, 2008). A relevant example to highlight this would be the relation-
ship between births and a population stock. From a CLD one might think that the
population declines if births decrease. In reality this would, of course, mean that
the population continues to grow, just at a slower rate.

7



2. Background

Figure 2.1: Symbols used for CLDs, showing variables, causal links, polarities and
feedback polarity.

The CLDs show variable names, which can represent state variables (that is stocks),
�ows or auxiliaries. These are connected with arrows representing the causal links,
which may represent either conserved �ows or information links. The causal links can
be either positive or negative (denoted with a plus (+) or a minus (-), respectively),
and represent the direction of change in the a�ected variable due to a change in the
a�ecting variable (Lane, 2008). Figure 2.1 shows the symbols used with a simple
causal loop diagram. The variables are denoted with letters or terms, which in this
case are A, B, C and D. They make four feedback loops. The relationship between
variable A and B results in a balancing feedback: an increase in variable A leads to
an increase in B (positive causal polarity), but an increase in B leads to a decrease
in A (negative causal polarity). This feedback brings balance to the two variables,
denoted with the green B inside the loop, all else being equal. Variables B and
C both have a positive causal relationship which leads to a reinforcing feedback,
i.e. an increase in one yields an increase in the other and vice versa. This is
denoted with a red R in the �gure. The relationship between C and D also yields a
reinforcing feedback, but here both causal polarities are negative. The last feedback
loop involves all four variables. For feedback loops including many variables the
loop polarity may be found by:

Loop polarity = SGN

(
d(Net in�ow)
d(State var)

)
(2.1)

As systems get more complex their behavior becomes harder to infer. In the ex-
ample in �gure 2.1, even though it may seem simple, the resulting behavior of the
four connected feedbacks is not completely straightforward to infer. As systems
become larger, thus containing many feedbacks, counter-intuitive behavior and non-
linearities may arise. Then it becomes necessary to simulate the system by using
computers to understand it (Lane, 2008).
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2.2. On �sh and �sheries and the Icelandic quota system

Figure 2.2: The building blocks of a SFD.

2.1.2. Stock-and-�ow diagrams

SFDs focus more on measurable variables and di�erentiate between these variables
by using a special graphical representation for each variable type. This helps in
deducting behavior, but a downside is that it may limit creativity and a holistic
view of the system in question as the focus is more on the measurable parts of
the system (Lane, 2008). A fundamental assumption in all systems' models is the
conservation of mass (Sterman, 2002). It is therefore important to account for all
sources and sinks in the system, and to note any losses in the system and where they
are. Visually, the SFDs are more linear and the building blocks of one are shown in
�gure 2.2. Shown in the �gure is an in�ow originating in a source. The �ow goes
into a stock from where an out�ow goes to a sink.

2.2. On �sh and �sheries and the Icelandic quota

system

2.2.1. Fishery models

Much work has been done in modeling �sheries, both domestically and internation-
ally. The aim of this work has been broad, but generally the focus is geared towards
establishing the maximum sustainable yield (MSY) (Auger and Ducrot, 2009; Gor-
don, 1954; Khan, 2012). Other goals include increasing productivity, estimating
critical stock sizes, evaluating the e�ects of migration, e�ective use of closures and
other protective actions to name a few.

Broadly speaking, the models have three main features along with speci�c research
features. The main features are: biostock, �shing e�ort and market price (e.g.
Auger (2009 and 2010), Ly (2013), Mansal (2014) and Stefansson (2005)). This is
harmonic with other resource models, e.g. Sverdrup (2014). The biostock represents
the available resource and the potential market supply; relevant variables include
the current size of the stock, the recruitment rate, carrying capacity, catchability or
resource density, and the �shing e�ort. The �shing e�ort equates production rates,
that is a measure of how much work is done in order to catch �sh from the sea.
De�nitions vary slightly in how the �shing e�ort is measured, counting for example
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2. Background

Figure 2.3: The relationship between e�ort, cost and revenue showing the MEY,
MSY and BE points (Gordon, 1954; Khan, 2012).

days at sea, number of ships, �eet capacity or combined inputs. An example of
a �shing e�ort de�nition can be seen in equation 2.3. There, the �shing e�ort is
a measure of the di�erence between the revenue from selling harvested �sh and
the cost of the �eet. Key variables for the �shing e�ort include catchability and
resource density, market price and maintenance cost per �shing e�ort. Finally, the
market price is a crucial part in any resource extraction and utilization. Market
price dictates the pro�ts of the resource utilization and is therefore a driving force
for the �shing e�ort. Key variables for the market price include the demand, which
is inevitably a function of the price, and the proportion between supply and demand.

The speci�c properties in these mathematical models for �sheries include modeling
for a biostock with di�erent age groups, i.e. fertile and barren �sh, the e�ects of a
�shery utilizing storage, and many more (e.g Auger and Ducrot (2009) and Mansal
et al. (2014)).

The bioeconomic model presented by Gordon (1954) assumes that the total cost
(TC) and the �shing e�ort (E) are proportional, as are the total revenue (TR)
and the yield (Y). The model shows how revenues increase with e�ort up to the
MSY, after which the yield decreases while costs continue to rise. The bionomic
equilibrium is the point where rent is nulli�ed as costs equal revenue. This is shown
in �gure 2.3. By de�nition, �shing beyond the MSY is detrimental and, in fact,
e�orts below the MSY may give increased rent as well as being bene�cial to the �sh
stock. This is de�ned as the maximum economic yield (MEY). Moreover, �shing
beyond the natural growth rate of the stocks involved may lead to their collapse.

Following are the three main variables, as they are presented by Mansal et al. (2014),
in equations 2.2, 2.3 and 2.4. Figure 2.4 shows how these equations were translated
into CLDs. Note that the CLDs presented later in section 4.2 might not mirror these
exactly as these are only meant to re�ect the corresponding equations. It should
also be noted that while these CLDs are based in the equations, there is some
interpretation involved when translating equations to CLDs. Furthermore, not all
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2.2. On �sh and �sheries and the Icelandic quota system

Figure 2.4: The �gure shows three CLDs which correspond to equations 2.2, 2.3 and
2.4.

CLDs in the �nal model are based on equations, and causal structures derived from
equations were often mixed with, or augmented by, causal structures derived from
texts. This results in some discrepancies between the equations and CLDs shown
here, and the CLDs presented later (in section 4.2).

Fish stock:
dn

dt
= r ∗ n(1− n

k
)− q ∗ n ∗ E (2.2)

Here n represents the stock size, r > 0 is the recruitment rate, k the carrying
capacity, q is catchability per e�ort, and E is the �shing e�ort. The product qnE
represents the total catches, or in other words, the supply of �sh. This equation is
represented in �g. 2.4a.

Fishing e�ort:
dE

dt
= p ∗ q ∗ n ∗ E − c ∗ E (2.3)

Here p is the market price and c > 0 is the maintenance cost per �shing e�ort.
The equation shows that the e�ort changes relative to the �sheries' pro�t and is
represented in �g. 2.4b.

Market price:
dp

dt
= φ ∗ (D(p)− q ∗ n ∗ E) where D(p) = A− αp(t) (2.4)

Finally we have φ > 0 as the coe�cient of proportionality between supply and
demand, D is the demand function where A > 0 is the maximum demand, and
α > 0 represents the rate at which demand decreases with price, denoted price
appeal in the model. This equation is represented in �g. 2.4c. The price equation
will be revisited in section 2.3.2.
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2. Background

2.2.2. Determination of the total allowable catch

The Icelandic authorities base their yearly quota on the current size of the biostock.
For this, a biostock estimate is made yearly and it functions as the basis for setting
the quota. The harvest control rule (HCR) sets the harvestable percentage of the
population and is averaged between the current year and the year before, that is to
say half of the quota on a given year is based on the current HCR and population size
while half is from the corresponding numbers from the year before. Currently, the
HCR assumes that 20% of the biostock can be safely harvested, but this percentage
was lowered in 2007 from the initial 25% decided in 1994. This work is done by
the MRI, that in turn presents their recommendations, based on their biostock
estimate and the HCR, to the minister who formally sets the total allowable catch
(Ministry of Fisheries and Agriculture; Guð�nnsson (2012), Lög um stjórn �skveiða
nr. 116/2006). Catches are measured both at sea and in the landing harbors in order
to reduce discards and to ensure accuracy in catch records. The biostock estimate
is furthermore used for the protection of the harvested species which is commonly
done through closures. Closures are designed to protect speci�c species or speci�c
�shing areas for a given time period (Lög um veiðar í �skveiðilandhelgi Íslands nr.
79/1997). Closures and other protective measures are however not included in the
model; this is due to the scale of the model. As the model does not distinguish
between species, nor does it separate the �shing areas, the closures are impractical
to implement on this scale.

2.2.3. Fish mortality

A good understanding of �shing mortality is required for an e�ective management
of �sheries and the harvest of stocks (Chopin et al., 1996b,a). The �sh mortality can
be divided in two main groups, natural deaths and deaths that result from �shing.
The total mortality is then the sum of the two.

Natural mortality may be divided into three main categories: natural causes such
as old age or disease, �sh killed by predators, and �nally �sh that starves due to
lack of available food. Availability of food serves as a natural boundary to the �sh
stocks (Chopin et al., 1996b). In the CLDs all of these are accounted for, but in the
computer simulation the predation is left out since it is built on the simpli�ed CLD
(see section 4.2.5).

Chopin et al. (1996) presented a general �shing mortality equation as such:

F = (FCL + FAL + FRL) + FB + FD + FO + FA + FE + FG + FP + FH (2.5)
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2.2. On �sh and �sheries and the Icelandic quota system

It accounts for commercial, artisan, and recreational landings, illegal and mis-
reported landings, discards, �sh dropping out of gear, avoiding or escaping it, ghost
�shing, predation after escape and changes in habitat. Of these, not all will be ac-
counted for in the model developed here. Artisan and recreational �shing is deemed
a small enough percentage of the total landings to be of any major concern ( data
is also limited). The same goes for illegal and misreported landings. Discards are
accounted for, but other gear-related mortalities and those due to predation after
escape are assumed to be included. Changes in habitat are well outside the scope
of this study and are not included.

Ghost �shing refers to any �sh deaths that are caused by derelict �shing equipment
in the ocean which continues to trap, injure or otherwise cause harm to the �sh,
resulting in their death (Chopin et al., 1996b; NOAA Marine Debris Program, 2015).
Information on the subject is scarce, and data for the rates of gear loss and the
mortality rates due to derelict gear are limited. Derelict �shing equipment and the
associated ghost �shing remains a persistent problem, especially due to the modern
materials being used for gear that does not degrade as readily as traditional materials
(NOAA Marine Debris Program, 2015).

Looking at the catch, that is everything taken by the �shing gear, it can be divided
into target and non-target catch. The target catch is, as the term implies, the
desirable or pro�table species, while the non-target catch, or bycatch, is everything
else (Hall et al., 2000). The bycatch was generally discarded, but the practice is
now illegal (discussed below). In recent times, e�ort has been made to limit bycatch
as it is ecologically detrimental, but also economically bene�cial to the �sheries
to decrease bycatches, since the �shing e�ort is better used by catching only the
marketable target species. Selective �shing, that is catching desirable species in the
right amount, is achieved through numerous ways, notably through technological and
operational changes (Hall et al., 2000). This includes using target-speci�c gear (such
as speci�c mesh sizes in nets) and employing closures (spatial and/or temporal). In
the CLDs, bycatch is accounted for but the simpli�ed CLD (see section 4.2.5) does
not include it as the stocks have been aggregated.

It should be noted that while discarding �sh after it has been brought aboard is
prohibited by law (Fiskistofa, b), it does still occur. A recent study carried out for
the Icelandic MRI shows that discards are generally a small percentage of landed
catches, but nevertheless still present (Sigurðsson et al., 2016). Furthermore, they
reported a signi�cant variance in discards between years as well as for di�erent
�shing equipment, though the causes have not been identi�ed. The discarded �sh
is generally in a poor state, having been injured, fatigued, traumatized and such.
It has been shown to be unlikely to make a recovery afterwards and the survival
rates are low (Chopin and Arimoto, 1995; Chopin et al., 1996a). For these reasons,
discards are counted as a loss in the system.
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2.2.4. Carrying capacity

Carrying capacity, i.e. the long-term average biomass density of the �sh stocks, is
a tricky subject, yet an important one. Understanding how the carrying capacity
changes with variables such as stock size, recruitment rate, or even ocean temper-
ature is important to determine critical stock sizes (Myers et al., 2001). Examples
of those would be stock sizes which give the maximum sustainable yield, or when a
stock is on the brink of collapse. Data on the carrying capacity for di�erent stocks
have been noted to be di�cult to synchronize and apply to multi-species �sheries in
the literature (Myers et al., 2001).

Fish populations have been noted to be regulated by density (e.g. Lorenzen et al.,
2002). As the density increases so does the competition for food which regulates
the population. Such populations may also display compensatory behavior when
exposed to stressors (Rosenberg et al., 1993; Raimondo, 2013), such as �shing. The
compensation comes in the form of surplus production which may be harvested
sustainably (Rosenberg et al., 1993).

In the model, density dependent regulation and carrying capacity are accounted
for, though the implementation is simpli�ed. Carrying capacity regulates the stock
through death rates, assuming that as the stock becomes larger, competition and
shortage cause death rates to rise. Compensatory e�ects increase birth rates as
�shing e�orts stress the stock.

2.3. On supply chains, markets and prices

2.3.1. Supply chain modeling

Supply chain management aims to optimize value chains in order to create increased
value, for customers and stakeholders alike. Though optimizing the supply chain is
not within the scope of this study, the supply chain in question needs to be examined
in order to represent it properly within the model. Moreover, even if supply chain
management is a large research �eld, research speci�c to �sheries is not abundant
(Denham et al., 2015).

Fishing supply chains, especially capture based ones, have been noted to have a
high level of complexity compared to other supply chains in the food sector (Jensen
et al., 2010). Variability in catches, volume and condition of catch along with the
highly perishable nature of the products involved, which require strict handling and
storage conditions, are contributing factors in the complexity of such value chains.
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Figure 2.5: The main actors in the supply chains of capture-based �sheries. Also
shown are the �ows of raw materials, products and orders.

Di�erent species are utilized in di�erent manners, some strictly for human consump-
tion, others for industrial use, i.e. used for production of �sh meal, oil, and so on,
while others fall somewhere in between. The material and product �ows are largely
separate and go to di�erent markets.

The building blocks of the supply chains of capture-based �sheries are shown in
�gure 2.5 (CWA, 2003), and these represent the major functions of the supply chain;
Individual chains may vary such as having di�erent functions being carried out by
the same business. This structure is generally the same across the literature with
slight variability, e.g. Denham et al. (2015) list the building blocks as: capture,
transport, processing and packaging, storage, and �nally retail. The SFD in �gure
4.1 follows the supply chain structure as it is presented in the literature.

The upstream end of the supply chain is characterized by a strong push while the
downstream end is governed by a strong pull, with the processing acting as a decou-
pling point (Jensen et al., 2010). It is safe to assume that in case of overabundance or
severe drops in demand, the �sheries will push the product to the market, lowering
the price, due to the highly perishable nature of the product.

Auction markets

Auction markets serve as a bridge between the �shing vessels and the processing
plants, ensuring that landed catches are processed and moved further along the
value chain. A total of �fteen such markets operate in Iceland (Fiskmarkaður Ís-
lands, 2014). In addition to that, many of the larger �sheries in Iceland operate
their own �eet and processing plant. In these cases the �sh goes straight to process-
ing, omitting the auction market. As this is the case for the large �sheries, which
are aggregated in the model, and since recreational and artisanal landings are not
considered, the auction markets become impractical to include in the model. The
resulting costs will be accounted for in a simple manner, but these markets will
otherwise not be included in the model.
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2.3.2. Price models

The market price of the �sh is an important variable, and has been addressed brie�y
before (see equation 2.4 in section 2.2.1). Equation 2.4 shows a classical economic
approach to how the �sh price responds to supply and demand, that is price rises
with increased demand, and vice versa. It has however been pointed out that �sh
prices - much like the price of other food items - are hedonic, meaning that the price
depends on both internal characteristics of the product (such as quality, size, or
species) and external factors a�ecting it (like the relationship between supply and
demand as mentioned before)(McConnell and Strand, 2000; Lee, 2014; Dadi and
Rickertsen, 2004; Rosen, 1974; Briones, 2006; Auger et al., 2010).

The quality of the �sh a�ects its price; speci�c characteristics that determine the
quality of the �sh may include: species, size, body condition and physical defects,
texture, �shing gear used, storage methods and temperature, fat content, and so
on (McConnell and Strand, 2000). It has been noted that �sh grades, which imply
many of the characteristics of the �sh and species, account for a big part of the price
variations.

The hedonic price, pijtk, the function of the �sh sold by seller i to buyer j on day t
may be represented as follows (Lee, 2014):

pijtk =Xijtkβ + ZtγXijtkβ + ZtγXijtkβ + Ztγ + ui + vj + wt + εijtk (2.6)

Here XijtkXijtkXijtk represent the �sh characteristics, while ZtZtZt are the market conditions
on the given day. The variables ui, vj and wt represent buyer, seller and date-
speci�c e�ects, respectively, and εijtk is an error term. How product quality a�ects
price is di�cult to quantify, since information is often accumulated and not shared
throughout the supply chain (McConnell and Strand, 2000; Jensen et al., 2010). A
result may be a suboptimal use of the materials. Furthermore, due to aggregation
in the model, many of the characteristics involved (such as species, trip length, and
size) are not practical to implement here.

In an e�ort to account for some of the factors involved, the quality of the product
will have an e�ect on the �sh price. The quality will be determined by the variables
�shing technology and production technology (discussed later in sections 4.2.2 and
4.2.3).

The price calculations used in the model are based on equations 2.4 and 2.6, but
modi�ed to be compatible with the model's structure. The price is calculated from
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Figure 2.6: The two possible ways of interpreting the price equations as CLDs.
Version (a) is used in the model.

the supply, the demand, and the quality of the product, and is shown in equation
2.7:

price = φ ∗ f(demand, supply) ∗ g(quality) (2.7)

The f function was kept very simple, and the g function is the product of graphical
response functions. As before, φ represents a coe�cient of proportionality between
supply and demand. Writing out the f function, as it is in the model, gives:

price = φ ∗ (A− q ∗ n ∗ E) ∗ g(quality) (2.8)

Ignoring the quality function, it is obvious that equation 2.8 still di�ers from equa-
tion 2.4; since the price appeal is not present. The price is calculated based on
the maximum demand, not the modi�ed demand (that is the D(p) function from
equation 2.4). Figure 2.6 shows two CLDs, representating the di�erent approaches;
CLD (a) is the one used in the model, but CLD (b) is more true to equation 2.4.
The right hand CLD (that is b), was initially tried, but was found to be di�cult
to implement in STELLA. After examining the feedbacks, and their meaning, the
left hand CLD (that is a) was found to describe the price dynamic su�ciently well.
While the modi�ed demand does not directly link to the price, it does so through
the supply. While not as true to equation 2.4, it may be a more realistic description,
since the modi�ed demand is not directly observed in real systems, but it is seen
through how much is bought from the available supply of products. However, the
maximum demand can easily be approximated from available data. Furthermore,
this approach was simpler to implement, as it did not introduce a circular connection
(that is an invalid feedback which does not include a state variable).
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3.1. Methodology

The bulk of the work was done by researching relevant articles and peer reviewed
papers. These were found online by using the Web of Science and through back-
searching from references of the articles already found. From these, the relevant
information was compiled, and turned into the causal loop diagrams and stock-and-
�ow charts shown in sections 4.1 and 4.2. They were made using Vensim v6.3. As
the CLDs and the SFDs are di�erent representations of the same system they can be
used to porve each other. Furthermore, with the CLD complete a STELLA model
was built in order to check the CLD. As the CLD format does lack distinction
between the di�erent types of variables, some errors might be overlooked (Lane,
2008). By building a STELLA model from the CLD, the di�erent representation of
variables allowed for some of the errors to be brushed out. It should be noted that
this �rst STELLA model did not include any parameters and was not used for any
simulations, nor was it intended to.

With a full CLD and the SFDs available, the feedback loops present in the system
could be examined, analyzed, and discussed. This gave the necessary qualitative
understanding of the system, so non-essential parts could be trimmed o� to further
simplify the CLD. From this simple CLD a new STELLA model was built and
parameterized. This allowed for exploratory simulations with a simpli�ed model.

An e�ort was made to gather a team of stakeholders and researchers for team model-
building workshops. This method is widely used in systems analysis (e.g. Sterman
(2000) and Vennix (1999)), but forming a group was unsuccessful and the model is
therefore based on literary research.
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3.2. Data

The sources for the data used for parameterization of the STELLA model are listed
in table 3.1.

Variable Reference

Recruitment rate Myers et al. (1996)
Death rate Marine Research Institute (2013)
Reference biomass Marine Research Institute (2015)
Harvest rate Ministry of Fisheries and Agriculture
Fishing area size Statistics Iceland (2016)
E�ciency in processing Sjöfn et al. (2010); Atvinnuvega- og

nýsköpunarráðuneytið (2016)
Cost of auction markets Reiknistofa �skmarkaða (a)
Discards Sigurðsson et al. (2016)
Market population Wikipedia (2017)
Fish per person Helgi Library

Table 3.1: References of the data used for the parameters of the STELLA model.

As an Icelander, I personally know many people who work, or have worked in the
industry, from �shermen and up to general managers of local �sheries. I would in par-
ticular like to thank Aðalheiður Guðjónsdóttir, Atli Ívar Guðmundsson, Bergur Sig-
urðarson, Emil Þorvaldsson, Eyþór Björgvinsson, Haldor Gunnar Haldorsen, Hrafn-
hildur Haldorsen, Lúðvík Börkur Jónsson, and Óskar Arason for their insights and
for answering my questions. Furthermore, I have �rst-hand experience from the
�eld as I worked at the HB Grandi processing plant in Reykjavík in 2006. This gave
me some insight into this vast industry as an active participant and has helped in
making the puzzles �t during this study.

Setting the parameters of the model required considerable work. The number of
variables to set was reasonably high, despite simpli�cations; however the limited
availability of the required inputs proved to be a greater challenge. As relatively few
parameters were found in the literature, many had to be estimated and/or adjusted
by trial and error to �t the other parameters already in the model. With so few
�xed parameters, that is from empirical data, the constraints on the remaining
parameters were limited, making estimations di�cult and time-consuming. The
physical part of the model, i.e. the �sh and the following �ow of products, was
relatively straightforward to get to function well on its own. Di�culties did arise
when introducing the economic side, which drives the physical �ows. The model
parameters were adjusted until the model runs became stable and not overly sensitive
to minor changes (see subsection 5.4.2 for sensitivity analysis of a few variables).
The parameter adjustments were stopped at this point, even though the results
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might not necessarily re�ect real world data.

The total number of variables to parameterize is 39, not counting the stocks which
require an initial value. Data was found for 10 parameters. Of the remaining 29,
ten are response curves which require a minimum of four parameters to set (that is
a maximum and minimum value for the x- and y- axis, in the case of a linear curve).
Figure 5.3 shows eight of the response curves, the remaining two can be found in
appendix B. The approach used to adjust the model parameters was as follows:

1. Run the model.

2. Identify the parameters that are not consistent with the simulated data.

3. Adjust parameter(s) - a maximum of two parameters adjusted between runs.

4. Return to step 1.

The adjustments generally gave expected behavior based on the causal hypothesis.
The price-appeal graphical parameters can be mentioned as an example; as the
parameters were adjusted, the price variables computed by the model changed to
be within the desirable ranges, that is not too high as that would result in lowered
price-appeal which in turn reduces the demand. Looking at the corresponding CLDs,
the feedbacks linking price appeal to supply and demand are in fact balancing.

The main variables, as identi�ed in the literature, are calculated by the model. These
are the stock of �sh, the �shing e�ort, and the �sh price, both from the �sheries
and the market.
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4. Diagrams

4.1. Stock and �ow diagrams

The system has two separate but intertwined �ows. On one hand is the physical
�ow of �sh from the ocean to the consumer, and on the other is the �ow of money
from the end-consumers to the �sheries and the state. Although separate in terms
of what is being moved, that is �sh or currency, and in terms of direction, that is
to or from consumer, one �ow cannot exist without the other. The �ow of currency
is the driving force behind the �sheries' operations and allows them to sustain the
�ow of �sh, for which the monetary compensation is due. The two �ows are show
in �gures 4.1 and 4.2. All the parts of the stock-and-�ow diagrams are represented
again in section 4.2 in causal loop diagrams and will be discussed as such in further
detail there.

The physical �ow of �sh is shown in �gure 4.1. It starts with the three biostocks in
the ocean of which only two, predatory �sh and planktivorous �sh, are harvested.
The plankton biomass is not utilized commercially, but is the foundation on which
the planktivorous �sh depends. It does not contribute to any further �ows. Recruit-
ment, i.e. births, replenishes the populations of the planktivorous and predatory
�sh, while the out�ows either move down the supply chain (that is the �shing �ows)
or terminate (that is the natural deaths, preying, or ghost �shing). Discards are
accounted for and are assumed to be a pure loss as mentioned in section 2.2.3. The
�shing �ows converge at land and it is assumed that all �sh is processed at this point,
but not at sea. Waste material is removed, processed, and sold separately as byprod-
ucts, such as �sh meal, while the �sh will either be shipped directly to markets, or
put in storage. Two market areas are implemented, the domestic market and the
international export market. Fish is sold from the markets to the end-consumers,
while the storage acts as a bu�er for the �sheries.

The �ow of money, shown in �gure 4.2, has two separate sources, one for each
market area. While the physical �ow of �sh shown in �gure 4.1 goes from �shery to
consumer, the �ow of money is in the opposite direction. The �ow in each market
area behaves the same even though the numbers involved vary. The markets make
money by selling the �sh to consumers and then use that money to buy �sh from
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Figure 4.1: The physical �ow, moving �sh from the oceans, through processing to
the consumers.

Figure 4.2: Flow of money from end-consumers to �sheries.
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4.2. Causal loop diagrams

the �sheries. Other market expenses include sta�ng, housing, shipping, advertising
and tax to name a few. Though not modeled in any detail here, the �sheries do also
sell the byproducts from which some pro�t is made. The �sheries' expenses include
the cost of the �eet, housing, and processing equipment, sta�ng and such.

4.2. Causal loop diagrams

The Icelandic �shing industry is, as has already been covered, a large system with
many interconnected subsystems. The causal loop diagram for the system re�ects
this and is, despite simpli�cations, a large web of connected variables. As such,
the full CLD is di�cult to dissect as a whole, and it is bene�cial to look at the
individual subsystems separately in order to make sense of the interactions and
feedbacks involved.

The two �ows discussed in section 4.1 are still present here and largely dictate the
structure of the CLD. These showed the �ow of �sh and money, respectively. The
subsystems involved in the CLD are:

• The �sh in the oceans, comprised of three groups: the predators, planktivores,
and the plankton.

• The �sheries, which deal with catching the �sh and processing it, respectively.

• The markets, where the markets and the consumers interact.

• The �sheries' �nances.

• The market's �nances.

These result in eight subsystems which are represented in nine �gures, �gure 4.3
through 4.12, and will be addressed in the order above. Each �gure shows isolated
parts of the whole, where each aspect can be examined separately. Finally, �gure 4.13
shows the complete causal loop diagram. Every �gure will be discussed separately
and the main feedbacks explained.

For an explanation of the symbols in the �gures, refer to section 2.1. In some cases
variables have been left out for clarity. If the missing variables are a part of a
feedback loop which is important to the system, they will be represented with a
dashed line (which will have the same polarity as the total e�ect from the missing
links).
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Figure 4.3: A CLD showing the three biostocks in the ocean and their interactions.

4.2.1. The dynamics of the biostocks

We will start our analysis of the system at the foundation of the industry, and look
at the �sh in the oceans �rst. This is done in four parts, �gures 4.3 through 4.6,
which partially overlap. The �rst focuses on the three main biostocks and how they
interact, followed by the three stocks being covered independently.

For the purpose of this research, a simpli�cation of the biostocks in the oceans was
necessary. Di�erent approaches were examined, and they are covered later in this
section. An aggressive aggregation was chosen: a three-tiered-food-chain-based ag-
gregation. A food-chain-based approach to describe ecosystems may be the most
straightforward way to go about (Pauly et al., 2002), and allows for simple descrip-
tion of the dynamics of the stocks involved. This assumes primary production, the
plankton, as the basis of the food chain, with planktivores feeding on the plankton
and the predatory species at the top.

The CLD in �gure 4.3 shows the relationships between the �sh in the sea assuming
a three-tiered food chain. The �gure also shows the basic recruitment for all three
biostocks, but that will be discussed further in relation to the following �gures.

At the bottom of the food chain reside the primary producers, the plankton. Note
that no distinction is made between phytoplankton or zooplankton. The plankton
biostock is shown in the left part of the CLD. As the plankton is not harvested, its
main function in the model is to act as the nutritional foundation for the plank-
tivorous species, which are at the center of the �gure. This function is represented
with a carrying capacity. The plankton stock equates a carrying capacity which
determines the sustainable amount of planktivores. The planktivores feed on the
plankton thus a�ecting the carrying capacity. Should the number of planktivores
increase, the biomass of plankton will decrease due to increased feeding. Such a

26



4.2. Causal loop diagrams

decrease leads to a lower carrying capacity of planktivores, which in turn leads to an
increase in planktivorous deaths, resulting in decreased the numbers of planktivores.
In other words, the relationship between the plankton and the planktivores is a bal-
ancing feedback loop, noted B2 in the �gure. Looking at the interaction between the
planktivores and the predators (to the right in the CLD), we see a similar pattern.
Here, another balancing feedback loop emerges, noted B5 in the �gure.

The B1 loop adds a natural upper limit to the system, since saturation of plankton
limits the number of planktivores (and predators) that the system can support. The
B3, B4, B6 and B7 loops deal with deaths and the carrying-capacity feedbacks for
the predators and planktivores, respectively. The reinforcing loops - R1, R2 and R3
- deal with recruitment for each of the stocks.

The predatory stock

Figure 4.4 shows the predatory �sh stock and the relevant dynamics, from recruit-
ments and deaths, to quota determination, and �shing actions. The predatory �sh
biostock is at the center of the �gure, with the recruitment and deaths to the left.
The planktivorous biostock is below the predators in the �gure and a�ects the preda-
tors through carrying capacity and bycatch. In the upper right is the determination
of the quota and the �shing e�ort, and �nally the lower right deals with the �shing
actions.

The recruitment of new �sh, that is births, is shown in the simple reinforcing feed-
back loop R1. The rate of recruitment is the product of the number of �sh available
and a recruitment coe�cient. A few feedbacks concerning the compensatory behav-
ior due to the stressors, are not numbered speci�cally. These are RFBs that alter
the recruitment rates as a result of �shing-induced stress on the stock.

The out�ows from the predatory �sh stock can be divided into two groups, those
due to natural deaths and those due to �shing activities. Deaths caused by �shing
are from predator target �shing, bycatch, and ghost �shing. Natural predator mor-
talities are covered in the Predator deaths variable, which deals with any deaths not
resulting from �shing e�orts. It should be noted that predators preying on other
predators is assumed to be included in the natural deaths, and that particular be-
havior is lost in the aggregation of predators into a single stock. The predatory
death rate is a combination of the Natural predator death rate, which represents
deaths due to old age, disease, and such causes, and the e�ects of the available
carrying capacity. The previously addressed BFBs B1, B2 and B3 deal with the
natural mortalities.

The �shing e�ort determines the predator target �shing, but also a�ects the plank-
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Figure 4.4: The predator behavior and the relevant dynamics.

tivorous biostock through bycatch. The same goes for the planktivorous �shing e�ort
which causes predatory mortalities through bycatch. Both �shing e�orts contribute
to the ghost �shing. As the �shing e�ort is partially determined by the quota, which
is based on the biostock estimate, the target �shing e�ort yields a BFB, B4. The
B5 loop is a small one and shows how the resource density and how it a�ects the
success of the �shing e�ort. A similar feedback is present for the bycatch and the
ghost �shing. Predator bycatch, which is due to planktivore target �shing, gives a
RFB because of the relationship between the two stocks, seen in loop R3.

The resource density and the �shing e�ort have an interesting interaction. The re-
source density, denoted as catchability in the �gures, has a positive polarity towards
the �shing �ow, that is more �sh is caught if there is more �sh in the sea. On the
other hand, the greater the catchability per unit e�ort, the lower the e�ort needs
to be to yield the same catch; thus, catchability has a negative polarity towards the
�shing e�ort. The feedback connecting the two is a RFB; however, as the catcha-
bility factor should a�ect the �shing �ow and the e�ort by as much, but in opposite
directions, it might cancel out, at least as far as the �sh stock is concerned. It is
however an important variable since by increasing e�ort required for same yields,
costs increase.

Finally there are the four feedback loops, B6, R2, R4 and B7, to address. Loops
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B6 and R2 a�ect the predatory stock through ghost �shing as mentioned before.
Gear loss due to �shing e�ort causes ghost �shing. This is a BFB which reduces
the �sh stock, and hence the �shing e�ort. As the �shing e�ort is increased, so is
the bycatch of planktivorous �sh. This reduces the stock of planktivores, meaning a
lowered planktivorous �shing e�ort. A lowered planktivore �shing e�ort bene�ts the
predators, as ghost �shing due to that decreases (R2), as does predatory bycatch
(R4).

Loop B7 balances the predatory stock through �shing-caused changes in carrying
capacity. While loop B3 was based on the predators feeding on planktivores, thus
changing the carrying capacity, loop B7 changes the capacity due to planktivorous
bycatch. An increased predatory �shing e�ort due to a growth of the predatory
stock increases the amount of planktivorous bycatch. This reduces the planktivorous
stock, lowering the predatory carrying capacity and thereby lowering, or balancing,
the predatory stock.

This part of the model has a lot of similarities with the closely related planktivorous
model which will be discussed in the next section. The two parts share many of the
same functions, with their respective position in the food chain hierarchy being the
biggest discrepancy between the two.

The variable Error in estimate was included for both predators and planktivores and
allows for a di�erence between the actual size of the biostock and its estimated size.
This variable was included in order to examine the importance of proper estimation
of the biostock but is not designed to a�ect any other dynamics in the model. An
overestimate of the biostock would lead to increased, and possibly unsustainable,
�shing e�ort and harvest which could have serious long-term e�ects. An underesti-
mate would mean reduced �shing e�ort and harvest and as a result reduced income
for the �sheries.

The planktivorous stock

The planktivorous �sh sit in the middle of the three-tiered food chain, feeding on
the plankton but preyed on by the predators. Figure 4.5 shows the part of the
CLD which speci�cally addresses the planktivorous �sh. The recruitment in the
planktivorous biostock is modeled in the same fashion as the recruitment in the
predatory species. The out�ows from the stock are also analogous, as well as the
controlling functions.

Feedback loops R1, B1, B2 and B3 work in the same way as their predatory coun-
terparts. While the predatory stock had one feedback due to the predatory stock
feeding on the planktivores, the planktivores have two such loops due to their place

29



4. Diagrams

Figure 4.5: The planktivore behavior and relevant dynamics.

in the food chain, B3 and B4. The B3 loop comes from the interaction between
the planktivores and the plankton, while loop B4 was discussed previously in the
predator model. The feedback in loop B4 is also a�ected by the feedback from
loop B8, which results from the predatory stock being a�ected by bycatch, as a
result of the planktivorous �shing e�ort. Again, the compensation feedbacks due to
�shing-caused stress are present but unnumbered.

The BFB loop B5 is the main �shing e�ort feedback on the planktivorous stock; the
greater number of planktivorous �sh, the greater the �shing e�ort, and vice versa.
This is combined with the resource density feedback in loop B6. The density does
also a�ect the planktivorous bycatch due to the predatory �shing e�ort, depicted in
loops B7 and R2. The RFB loop R3 is analogous to the R4 loop from the predatory
model; A growth in the planktivorous stock means increased planktivorous �shing
e�ort, which decreases the predatory stock, thus reducing the predatory �shing e�ort
and the planktivorous bycatch as a result, and leading again to a further growth of
the planktivorous stock, and vice versa.

A few feedbacks remain to be addressed, and again the most noteworthy of these are
the ones dealing with compensation due to the �shing e�orts. As with the predatory
stock, these feedbacks are balancing.
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Figure 4.6: The plankton model.

The planktonic stock

Plankton, the third and last biostock, is shown in �gure 4.6. Of the three biostock,
the plankton is the only one not harvested. This part in the model has two main
functions, the regeneration of plankton and acting as a foundation for the harvested
planktivorous biostock. The plankton are assumed to obey a simple dynamic, they
regenerate at a consistent rate up to a certain saturation limit. The saturation
depends on the natural saturation limit in each area, which depends on sunlight
penetration in the ocean, oxygenic saturation, and such factors. With the plank-
tivores feeding on the plankton, which is assumed to be the only out�ow from the
stock of plankton (see �gure 4.1), the plankton should remain in a dynamic balance.
Currently, there is no commercial exploitation of the plankton.

Three feedbacks are present in the planktonic model. As for the other two biostocks,
the plankton regenerates by a reinforcing feedback, loop R1 in the �gure. The stock
is balanced by two feedbacks, B1 and B2. The B1 feedback deals with the saturation
of plankton in the ocean, loop B1, while the B2 loop has been discussed before in
�g. 4.5.

On di�erent aggregation approaches

As mentioned in section 4.2.1, the model for the biostocks was simpli�ed to a three-
tiered system based on the food chain. Obviously a more complex model could give
more detailed information on the behavior of these species or types of �sh. For the
purpose of this study a more generalized model was chosen. Aggregation of variables
will cause some information to be lost and certain dynamics will as a result not be
revealed nor addressed, but simplicity does also have its bene�ts and the model must
re�ect the level of detail of the questions asked.

The possible biostock models range from very simple to extremely complex. On one
end of the spectrum would be a model assuming every species behaves in the same

31



4. Diagrams

Figure 4.7: A conceptual CLD for a single species without �shing activities.

way and are harvested equally. On the other end would be a model where every
interaction for every species is accounted for. Figure 4.7 shows a rough conceptual
model for one predatory species accounting for all stages of life.

Di�erent levels of aggregation have di�erent bene�ts as well as drawbacks. Some of
the aggregations considered are listed below, from simple to complex:

Simple: Full aggregation of all species to a single stock of �sh. The simplicity is
both the main strength and weakness of this approach, much information is
lost in the aggregation, but the modeling is as simple as can be. This approach
was used for the initial model building in this study, and the simpli�ed CLD,
from which the STELLA model was built, has this structure.

Food chain aggregation: Aggregation based on food chain hierarchy. In this study
a three-tiered system was used - planktonic primary production, planktivores
and predators - but a more layered system might be developed for a more
detailed study.

Separation by age: Separation of the biostocks by the age and/or size of the �sh,
as the �sh contribute di�erently to the stock depending on these factors.

Gear based: Separation based on the �shing gear used. Possibly bene�cial for
�sheries and managements but results might be di�cult to interpret.

Habitat aggregation: Coastal versus pelagic, and demersal versus near surface.

Family aggregation: Aggregation based on taxonomic ranks, such as grouping Ga-
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didae (that is cod, haddock and more) together. This assumes similar dynam-
ics within families.

Combinations: Di�erent combinations of the systems mentioned before, for exam-
ple a system that accounts for food chain hierarchy in di�erent habitats could
prove e�ective.

No aggregation: Every species and interaction is accounted for. Figure 4.7 shows
a conceptual model of such detail for a single species.

The most complex case, as already mentioned, is where every species is fully mod-
eled, including any and all interactions with other species and the environment.
Figure 4.7 shows this in a general manner for one predatory species, but omitting
any associated �shing activity. This level of detail would account for all interactions
but also presents a great challenge in quantifying all the relevant factors and acquir-
ing the data. This level of detail is too great for the purpose of this study and may
even be too great for any practical purposes.

4.2.2. Fishing dynamics and the �sheries' supply chain

The next link in the chain is the �sheries who harvest the �sh and process it. This
can be seen schematically in the stock-and-�ow diagram in �gure 4.1 in section
4.1. This section covers the harvesting of the �sh, the processing, supplying of the
product to the markets and selling to the end-consumers in three subsystems shown
in �gures 4.8, 4.9 and 4.10.

Fishing

Figure 4.8 shows the processes involved in catching �sh. On the left hand side are
the two biostocks, the predatory �sh in the top and the planktivorous �sh at the
bottom. It can quickly be seen that the diagram is symmetrical. From a system's
point of view, the �sheries treat the species in a very similar manner as far as the
harvest goes, since the same main steps are required for the harvest of the �sh. This
is not to say there is no di�erence in how the di�erent species are harvested, for
example the same equipment will not be used for demersal �sh and pelagic �sh.
However, looking past these technical di�erences, the major steps are analogous.
Hence, only the predator side of the diagram, the upper part, will be discussed and
the relevant feedback loops addressed.

A number of variables were omitted between landing catches and pro�t of �sheries,
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Figure 4.8: The �shing part of the CLD showing the harvested �sh stocks and the
actions due to �shing e�orts.

which are shown in �gure 4.11 and the full CLD in �gure 4.13.

The BFB loops B1 through B4 have been addressed before (see section 4.2.1). The
reinforcing feedback R1 deals with the �shing e�ort. This is the main driving force
behind the �sheries' operations and will show up again in the following subsystems.
The �shing e�ort yields catches to be landed, processed and sold, from which the
pro�t allows for a continued �shing e�ort. The pro�t from sold catches also allows for
increased investments in �shing technology which a�ects both the �shing e�ort and
the bycatch ratio. Improved �shing equipment helps to lower bycatch (Hall et al.,
2000), seen in loop B5, as does it decrease the required �shing e�ort due to increased
e�ciency, loop B6. The reinforcing R2 loop arises from the lowered bycath ratio
which bene�ts the predatory stock, thus allowing for more �shing, further pro�ts,
and hence a further lowering of the bycatch ratio.

As mentioned, the Icelandic MRI does a lot of research on the marine resources
and among their responsibilities is the yearly estimation of the stock sizes of the
utilized species. This biostock estimation along with the Harvest Control Rule
(HCR) are used to determine the quota (discussed earlier in section 2.2.2). The quota
allowed is therefore determined from the current status of the �sh with sustainability
and continued use of the resource in mind. In case of over�shing, that is �shing
beyond the allotted quota, the �sheries are �ned, and possibly subject to e�ort
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limitations as well. E�ort penalties are omitted here, but �nes are implemented.
This is represented in the B7 loop.

The variable Fishing technology, which will be discussed later, decreases the �shing
e�ort, but helps with �sh detection, gear selection, and such factors, thus increasing
catchability.

Loss at sea, such as �sh that escape the �shing equipment, as well as discards, are
accounted for before catches are landed. It is assumed that the �sh thrown back does
not contribute any further to the biostocks, as the survival rate and their general
condition is poor at best as previously mentioned.

Processing

Figure 4.9 shows the processing phase of the supply chain, starting at the center left
where catches are landed, and moving to the lower right where the �nished product
is shipped to the markets. The top part of the model deals with waste removal and
production technology.

It is assumed that all catch is landed before any processing is done. The processing
splits the �sh into three separate �ows, as previously seen in �g. 4.1 in section 4.1.
Any waste is assumed to be removed here, to be sold separately, while the remaining
�sh is either sold directly to the markets or moved to storage. As seen in �g. 4.1,
the �sh is shipped from the �sheries to two separate markets, the domestic market
and the export market. In this �gure, only one of those is shown for clarity and
simplicity, denoted market n. As the interface for each market is the same, as far
as actions are concerned, the relevant variables would be listed twice, once for each
market area. This is redundant in examining the feedbacks and therefore omitted
here. Figure 4.13 shows the two markets and their connections to the processing
fully listed.

The variable Production technology represents any equipment used in the processing
of the �sh, as well as sta� training, quality control, and other relevant factors. It
is, as such, an aggregated variable thought to represent all the factors that a�ect
the quality of the product. Computationally, the variable is considered a stock
which declines over time as equipment degrades and needs to be replenished through
investment in order to keep the quality up. The quality of the product is one of the
factors which determines the price which the �shery can set. Fishing technology is
also a contributing factor to the product quality; this variable is discussed in section
4.2.3.

The variable waste percentage dictates how much of the landed catch is processed
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Figure 4.9: Processing of harvested �sh and supplying it to the markets.

to be sold at the markets and how much is removed to be processed into �sh meal,
oil or other products. This percentage is partially �xed, such as the entrails which
are always removed, but can be a�ected by the production technology. Well-tuned
equipment and pro�cient sta� will yield a greater percentage of the catch. Compu-
tationally, in the model, this variable works to separate the �ows from processing.

Looking at the feedback loops involved here, there are a number of simple two-
variable balancing feedbacks, that is loops B1 through B5. Loops B6 and B7 deal
with how long the �sh is stored in storage. As the �sh in storage becomes older,
more of it goes bad, resulting in loss in the storage, shown in loop B6. However, as
the �sh becomes older, more e�ort is made to sell the product before it goes bad,
seen in loop B7. Furthermore, loop B8 shows how the proportion of immediate sales
depends on how much �sh is available in storage. If the storage is full, less �sh is
moved there, but sold directly if possible. Loop B9 shows the feedback connecting
supply, demand and �sh price for the �shery. This is a BFB showing that the price
is sensitive to both supply and demand and should seek a balance determined by
the other two variables.

The R1 and R2 loops are a simple version of the business drive behind the market.
A few steps, which will be addressed later, have been left out here, hence the dashed
arrows to and from the market pro�t.

36



4.2. Causal loop diagrams

Figure 4.10: Delivering the processed �sh to the markets and selling it to the end-
consumer.

Supplying �sh and selling it at the market

Figure 4.10 shows the mechanisms involved in getting processed �sh to the end-
consumer via the markets. For the model of the markets, a single �gure is su�cient
as the similarities between the domestic and export markets are signi�cant; the same
goes for the economic model for the markets in �gure 4.12. The top left part of the
diagram shows how �sh is supplied to the markets while the bottom right part deals
with the end-consumer buying �sh at the markets. At the bottom left are functions
dealing with market share and the �sh price. As with the �sheries' storage, there
may be some loss in the markets. Here, the losses in the markets are only dependent
on the age of the �sh, that is once the �sh is no longer fresh it is disposed of.

The price appeal variable links the price and demand by reducing the demand if
the price rises. As discussed, a hedonic price model is assumed, which combines
classical supply/demand dynamics with quality factors. The quality of the product
is determined by both the production and the �shing technology. Furthermore, while
the quality does positively a�ect the price, it also positively a�ects the market share
as people are more willing to pay a higher price if the product is of high quality.
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The R1 and R2 loops were brie�y addressed before in �gure 4.9. These two loops,
which di�er only slightly, are the most important loops for the markets, since these
are the loops which drive it. The loops are fairly straight forward to understand.
The underlying assumption in these feedbacks, and the model, is that the markets
are pro�t driven. As the price depends on supply and demand, increasing the �sh
stock lowers the price, thus increasing the market share. This leads to increased sales
which drive pro�ts up and allows for more �sh to be supplied, and is a reinforcing
feedback.

Loops B1 and B2 deal with losses in the market. Unsold �sh in the markets refers to
the �sh which goes bad in the market, and cannot be sold as a result and is therefore
disposed of. As the markets' �sh stock increases so do the chances of some �sh not
being sold immediately and going bad. The markets may drop prices to increase
sales before the �sh goes bad, which is represented in the B3 loop. These are all
balancing feedbacks.

Finally, loop B4 is another important feedback loop in this part. This loop shows
the relationship between availability of �sh in the market, the �sh price, market
share, and sold �sh, that is supply and demand. This is a BFB, supply and demand
reach a balance if the market environment is stable.

4.2.3. The �nancial dynamics

The �nal two subsystems are the economic facets of the �sheries and the markets,
respectively. These subsystems are closely related to the subsystems already covered
and the feedbacks already discussed will be omitted here.

The economic model for the �sheries

Figure 4.11 shows the economic model for the �sheries. This model is closely related
to the processing model in �gure 4.9, which is natural as the actions in the �sheries
all a�ect the income or expenses of the �sheries. In order to simplify this �gure a
number of variables have been cut out or aggregated, notably the �shing e�orts (see
�gure 4.8), and the �shery itself which has been aggregated to the variable Fish in
�sheries. The pro�t of the �sheries is the main variable here since that drives all
the functions of the �sheries. The variables Money with �sheries and Pro�t from
�sheries are closely related. The money variable is de�ned as a state variable (that
is a stock) where the available money of the �sheries is stored. The pro�t variable
is de�ned as an auxiliary variable for the current pro�t or loss. It is e�ectively the
�rst derivative of the Money with �sheries variable.
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Figure 4.11: The �gure shows the business model for the �sheries. The loop shown
with thicker arrows depicts the main business drive of the �sheries.

The �gure shows the incomes and the expenses of the �sheries. The incomes are
relatively straightforward; the �shery makes money by selling �sh and associated
byproducts. The expenses are a bit more diverse. The �shing e�ort has both
operational costs as well as that of salaries, with the latter being related to the value
of the catch in Iceland. Landings go through an auction market which is modeled
very simply. The �sh price in the auction markets, the ex-vessel price, is assumed
to be a percentage of the price of the �sh from the �sheries. This price is used to
�nd the value of the landings, from which �shermen's salaries are calculated, as well
as the price for the auction markets' services. Technological investments naturally
involve spendings, as do various permits required for �shing rights and processing.
Furthermore, the processing and storing the processed �sh adds to expenses.

The variable Fishing technology is similar to the Production technology variable.
Likewise, it is an aggregated variable of the factors that a�ect the �shing, such as
correct application and choice of �shing equipment, knowledge of the best �shing
areas and optimal times, to name a few. As seen before it also a�ects the product
quality as proper gear causes less damage to the catch. Investments in both �shing
technology, and production technology, are pro�t driven, since pro�ts are required for
investments. Furthermore, both contribute to the quality of the product, thus raising
the price which allows for further pro�ts (RFBs). Two important RFBs involve the
�shing technology; increased investments in �shing technology decrease the e�ort
required, and reduce the operational cost, thus increasing pro�ts. However, the
investments add to the �sheries' expenses, which results in a BFB. The investments
in the production technology give a similar RFB by reducing the processing costs.
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The main feedback in this model is shown with thicker arrows. This is e�ectively
the economic drive behind the �sheries and is a RFB. This loop shows how the
operation is pro�t based. Pro�ts allows for increased �shing e�orts, as stated in
the literature (see section 2.2.1), and e�ort is required to land catches which the
�sheries then process and sell for a pro�t.

The economic model for the markets

The �nal subsystem to address is the economic model for the markets, shown in
�gure 4.12. As before, the model shown does not specify which market it represents,
domestic or other, since the systemic di�erences are minimal. Most of this model
has been displayed before as parts of other subsystems.

Similar to the �sheries' market model, the income in the market comes from selling
�sh, while the expenses come from sourcing the �sh, paying for shipments, tax
and other expenses, like sta�ng and housing. The market is, like the �sheries,
pro�t driven as is shown in the �gure. The feedback loop with the thicker arrows
demonstrates how pro�ts allow the market to buy more �sh from the �sheries. That
�sh is then in turn sold for a pro�t (RFB).

Figure 4.12: A CLD for the economic model for a market. The loop shown with
thicker arrows is the main business drive for the market.
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4.2.4. The full CLD for the Icelandic �shing industry

By combining all the subsystems previously discussed and shown in �gures 4.3
through 4.12 into a single CLD, presents a complete causal loop diagram mapping
the Icelandic �shing industry. This combined CLD is displayed in �gure 4.13. The
most important feedbacks have already been discussed, this complete CLD is mainly
included in order to portray how the individual CLDs are connected to constitute
a whole system. The relative position of the subsystems is roughly shown with col-
ored boxes and names in that same color. The �nancial systems of the markets and
�sheries are not boxed here as they are intertwined in the other subsystems.

While many feedbacks have already been addressed in the previous sections, not
every single one has been addressed. In the combined CLD presented here, some
additional feedbacks are introduced to the model's structure. Of these, many are
large loops containing many variables and will not be addressed here. It is however
important to realize that there are more feedback loops present than have been
discussed. Moving on to simulations is more bene�cial than discussing large feedback
loops at this point.

4.2.5. Simplifying the model

The full CLD shown in �gure 4.13 is a sizeable diagram. While it does simplify a
great many things, such as the aggregation of the �sh stocks and the markets, it
still has a considerable level of detail that is not strictly required for the purpose of
this study. The work invested in �g. 4.13 is still valuable in order to understand the
system better as a whole. As previously stated, it was decided to run the computer
simulations for the Atlantic cod exclusively due to its signi�cance. Simpli�cations
were made to the �sh stocks as a result along with other simpli�cations listed below.
Figure 4.14 shows the re�ned version of the SFDs presented in �gures 4.1 and 4.2,
and �gure 4.15 shows a simpli�ed version of the CLD presented in �gure 4.13.
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Figure 4.13: The full causal loop diagram for the Icelandic �shing industry.
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The following simpli�cations were made:

• The �sh stocks were cut down to a single stock representing the cod.

• As the ocean-space-carrying-capacity-function, which resulted from the food-
chain hierarchy before, was lost, a simple feedback was built to replace it.

• The �ow of �sh through the �sheries was simpli�ed and now all �sh is assumed
to go from processing to storage from where it is delivered to the marked. The
storage was chosen over selling all �sh directly as it adds a bu�er in the system,
but also delays (Auger and Ducrot, 2009).

• Market areas were consolidated into a single market.

• Tax on both the �sheries and the markets was removed as it did not contribute
directly to any feedbacks and added little depth to the model.

• The origin of the money �ow has been simpli�ed and the stock of money with
consumers been removed. There is now assumed to be enough disposable in-
come at the hands of consumers to pay for the �sh they wish to buy. Similarly,
the stock of �sh with the consumers was removed. The �sh now goes from the
markets and is consumed right thereafter.

• Losses in both the markets' and the �sheries' storage was simpli�ed to a
percentage-based loss and not linked to the age of the �sh.

• It was decided to make the waste percentage �xed for simulations and to remove
the connection to Production technology.

It should be noted that, while not conventional, it was decided to have the main
stocks in the CLD boxed in order to improve readability. These simpli�ed versions
of the SFD and the CLD were used as the blueprints for the STELLA model.
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Figure 4.14: The simpli�ed stock-and-�ow charts.
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Figure 4.15: The simpli�ed causal loop diagram.
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A simulation model was programmed in STELLA v10.0.3, which is an icon-based
software environment specially designed to work with SD models. The environment
is user friendly and allows for quick and easy building of models. This software was
chosen due to the author's familiarity with it.

5.1. Introduction of the modeling environment

The STELLA software is a numerical solver for di�erential equations. The equations
are determined by the model structure which is made up of a few simple building
blocks, discussed below. The equations produced from the model are �nite-di�erence
equations which are solved discretely to approximate the system's behavior. The
software o�ers 3 di�erent numerical integration methods: Euler's, and the 2-step
and 4-step Runge-Kutta methods. The Euler's method works well for models that
display linear behavior or include discrete or logical functions, while the Runge-
Kutta methods work better for oscillating systems. The resolution of calculations is
determined by the user-speci�ed time interval, DT, or delta time (isee Systems).

The building blocks of the STELLA environment are shown in �gure 5.1. The sym-
bols are similar to the traditional symbols used for SFDs. In the �gure, both �ows
are connected to a stock, though that is not required; a �ow may stand alone between
a source and a sink. The converters are auxiliary variables and can be constants,
graphical functions, algebraic operators, and so on. Flows may be connected directly

Figure 5.1: The symbols used in the STELLA software.
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to stocks or other �ows, but other connections are done via connectors. Connections
should re�ect the causal hypothesis established in the associated SFDs and CLDs.
Once variables have been placed and connected, their relationships may be de�ned
numerically, graphically, algebraically, or with logical operators. The software has
numerous built-in functions, distributions, logic operators, and such.

5.2. The model structure

As discussed in the previous chapter, the SFDs and CLDs are the blueprints from
which the STELLA model was built. As a result, the structure of the model mirrors
the diagrams in �gures 4.14 and 4.15, with a few additions which will be discussed
here. The model can be seen in �gure 5.2 where each part of the model is framed.
It should be noted that while the layout of the STELLA model di�ers from the
CLD, the structure and all the connections are the same. A few ghost variables
were used to reduce the number of connectors crossing over many variables. They
may be identi�ed by their italic font and a dotted circle sign, and are only for visual
purposes.

As seen in the �gure, the STELLA model is divided into six parts, as opposed
to the nine CLDs presented earlier. This is mainly a result of the simpli�cation
done to the CLDs in order to build a simulation model. As it was decided to run
simulations for the cod stock exclusively, the biostocks and the �shing actions could
be simpli�ed greatly and are now portrayed in a single section, Fish and �shing. As
is explained below, the �sheries' technology was modeled with stocks and set as a
separate section, entitled Technology investments. The remaining sections belong
to the �sheries and the markets, with a product �ow section and a �nancial section
for each. The sections were not further re�ned into modules as the bene�ts for the
model were judged to be limited.

When comparing the SFDs to the model it is obvious that three stocks and their
in�ows and out�ows are missing from the SFDs. These are the stocks for the derelict
�shing equipment, the �shing technology, and the production technology. These
three stocks stand alone and are not a part of any product or money �ows. The
derelict �shing equipment stock is increased relative to the �shing e�ort employed.
As lost equipment stays in the ocean and a�ects marine life until it decays, it should
be modeled as a cumulative stock with a set decay rate. E�orts can be made to clean
up lost equipment, which would add a second out�ow to the stock, but that was
not done here. For the technology stocks, they are assumed to represent a number
of things, from �eet size and equipment, to sta� training, and quality control. As
such, these stocks may be interpreted as the operational assets of the �sheries.
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Figure 5.2: The STELLA model.
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A number of converters are present in the model, but are not shown in the diagrams.
These converters are included for numerical evaluations and response functions,
along with a handful of converters for model parameters. Of these parameter con-
verters are for example the loss percentages for the markets and �sheries, included
simply for clarity but not adding any feedbacks. Furthermore, a few response func-
tions had to be introduced. For example, as the CLDs show, the quality of the
product depends on the �shing and processing technology. Translating these stocks
to quality is done through these response functions. Figure 5.3, in the next section,
shows the response function converters and their parameters.

As discussed previously, the auction market was omitted and the ex-vessel price set
as a portion of the price from the �sheries. A similar approach was used for the
byproducts.

Storage losses in both the markets and the �sheries were simpli�ed to a percentage-
based loss as opposed to age-related losses. To compensate, a connection from the
stocks to the loss percentage was added; as the stock increases, so does the loss
percentage. This should re�ect the more complicated dynamic, but is simpler to
parameterize.

5.3. The model parameters and data

Setting the model parameters required some e�ort as previously mentioned. The
process used in setting and estimating the parameters was described prior in section
3.2.

As discussed, the �shery models generally agree that three variables are of most
importance to such systems: the �sh stock, the �shing e�ort and the �sh price - both
from �sheries and in retail. These were not set as parameters, but calculated by the
model. In the case of the �shing e�ort, the units are somewhat ambiguous. Fishing
e�ort is traditionally measured in �eet tonnage or capacity, days at sea, or such.
Here, the e�ort is measured in tonnes for compatibility with the associated variables.
This is discussed more in the next section (5.4). While setting the parameters, the
model generally responded as expected, though in some cases the behavior was
counterintuitive. This is likely a result of the multiple feedbacks interacting; and
such behaviors are di�cult to infer from the CLD structure alone.

For the �sh population, data on the reference biomass, natural recruitment and
death rates were found. The carrying capacity was assumed to be 1.5 times the
current stock, rounded up to two million tonnes. The death rate adjuster (�gure
5.3b) was set to increase the death rate by a factor of �ve, if the biomass was double
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Figure 5.3: Graphical parameterization of the model. The names refer to the vari-
ables in STELLA. The x-axis shows the input variable while the y-axis gives the
returned value.
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that of the carrying capacity. Below the current biomass, the death rates dropped
gradually down to half the current rate. The compensation e�ects from �shing were
set to increase the recruitment rate by 10% at a harvest percentage of 40%. No
empirical data was found for the compensation. Futhermore, while adjusting the
compensation, the model did not seem to be very sensitive to the parameter. The
catchability (�gure 5.3c) was set at 75% for the current stock, going up to 95%
maximum at twice the current density. Below the current density the catchability
falls linearly to zero.

The processing e�ciency varies greatly depending on the product. The values range
from a 100% use for a whole �sh, down to just over 30% for fully-processed cod
�llets. Since most �sh is processed, especially for the export markets, the processing
e�ciency was settled at 40%.

The losses, as discussed before, are set relative to the �sh in stock. The markets are
assumed to have slightly higher losses than the �sheries. This can be interpreted as
e�ects of temperature changes from shipping the �sh, and less optimal storage in
the market, where the �sh is on display. The �sheries have a 5% base loss which
increases to 15% at high stock levels. The corresponding numbers for the markets
are 10% and 20%.

The equipment lost at sea was assumed to be 1% of the �shing e�ort, and the stock
of derelict gear assumed to have a decay rate of 1%.

Due to the delay caused by the integration time steps in the STELLA environment,
the �sheries do not start to make a pro�t immediately. This caused the �shing
e�orts, and the system, to stop. To get around this, the �shing e�ort was forced
to start at 10.000 tonnes. Once the pro�ts started coming in, the normal feedbacks
took over, and drove the e�orts. A more sophisticated solution was not found.

The consumer population was split into two converters, the Icelandic population
and the market population abroad, respectively. The Icelandic population was set
at 300.000 initially and grows up to 450.000 by the end of the simulation period. The
overseas market population was the combined populations of the top six importers
of Icelandic �sh products: the United States of America, Great Britain, France,
Germany, Belgium, and Switzerland. The �sh per person was set as the weighted
average of the per capita consumption for these six nations, 21.88 kg/year per person.

Price scaling coe�cients were adjusted to give reasonable behavior. Other parame-
ters were estimated to be within the correct order of magnitude.
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Figure 5.4: The �sh stock population curve with an initial stock size of 10.000 tonnes
and no �shing. The stock shows a logistic growth, as expected.

5.4. Simulations and the results

The simulation run time was set at a 100 years, with a time step of 1/16, which is the
lowest practical time step recommended for simulations by STELLA. The model does
not use any logical functions or such, that demand the Euler's integration method;
furthermore, during the parameterization of the model, oscillating behavior was
sometimes observed. For those reasons, the 4-step Runge-Kutta integration method
was used.

Since the system has many connected feedbacks, inferring the system's behavior
from the CLDs is not trivial, but some benchmark predictions can still be made.
As the �sheries and markets are pro�t driven, their respective money stocks should
show growth over the simulation period. The �sh stock should display a logistic
growth, shown in �gure 5.4. Initially, the stock grows exponentially, until it starts
to close-in on the carrying capacity when the increased death rate slows the growth,
eventually reaching a balance, as expected. With the �sh stock reaching stability,
it is natural to expect the �shing e�orts to reach a similar balance. As a result, the
product �ow through the system should be relatively stable as well. For the prices,
the only prediction safe to make is that the retail prices should be higher than the
�sheries price. This should be valid for any supply chain; if every link in the chain
turns a pro�t, the price must increase at every step.

Figure 5.5 shows the simulation results for a few main variables. The simulation
results for more variables may be seen in �gures A.1 and A.2 in appendix A. The
�sh stock (�g. 5.5a) initially grows, reaching a balance about 39% higher than the
current stock evaluation. The �shing e�orts, �shing, and quota (�g. 5.5b) follow
with a similar behavior. The �sheries' pro�ts have a slight upwards trend which
explains why the e�orts keep rising; the �shing stays level because the catchability
decreases sligthly, counteracting the higher e�orts. As previously discussed, the
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Figure 5.5: The run results from the stable model showing the �sh stock (a), the
�shing e�ort, quota and �shing (b), the wholesale and retail prices (c), and the
money stocks (d).

�shing e�ort is generally measured in other units, but here it is in tonnes of �sh,
as required by the model's structure. As a result, translating the simulated e�ort
to real-world e�ort is not obvious, and is a shortcoming in the model. Comparing
the quota and the actual �shing (lines 2 and 3 in �g. 5.5b) shows that they are
practically the same. This is discussed further in the sensitivity analysis of the HCR
in the next section. The prices (�g. 5.5c) have a slight trend which can be explained
by the population parameters. The population increases through the simulation
period, which increases demand, thus raising the prices. Furthermore, the retail
price is higher than the wholesale price from the �sheries. This conforms to the
expected behavior. Finally, both links in the supply chain turn a pro�t as can be
seen in the last frame (d), despite the scaling being somewhat unrealistic.

On the whole, the system functions quite well. All �ows operate normally and the
stocks show that the supply chain operates properly. The product stocks are stable,
there is no excess accumulation of products anywhere in the system, and the money
stocks show a healthy growth over the period.

The ghost �shing is low but increases over time, within 1% of the �shing at the end
of the simulation period. However, in longer simulations (1000 years), the ghost
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�shing keeps rising, leveling o� at 1% of the �shing. E�orts to clean up derelict gear
might not be cost e�ective for these levels of ghost �shing. However, as the ghost
�shing parameters are not from empirical data, actual values may di�er. The ghost
�shing is nonetheless not insigni�cant, and precautions to keep further loss of gear
to a minimum are advisable.

Longer simulations were made and the system reached a complete balance in roughly
150 years. Beyond that time, all variables stayed very stable. The money stocks
showed a steady growth through all simulations, but all other variables leveled o� in
about 150 years and showed practically no change whatsoever after 250 years. The
population parameters were set to be rising throughout the standard simulation
time, that is 100 years, beyond that, the populations do not increase. Since the
model reaches balance quickly after the population, and hence, the demand, stops
rising, it can be deducted that the system is stable by its very nature.

A few additional tests were made on the model, in order to see how the system
reacted. They are listed below:

• The death rate was increased up to 0.70 every twenty years. This could be in-
terpreted as a disease in the stock, or some other form of environmental stress
to the stock. The model responded as expected: the �sh stock diminished
brie�y after each event, which lead to decreased e�ort, and landings, with the
derived variables following suit, with a slight delay. The system quickly re-
gained balance, well before the next event occurred. The prices were minimally
a�ected.

• A random error of ±10% was added to the biostock estimates. While not
a�ecting the general trend in any variable, this introduced some noise to the
curves, as expected. The error was then increased to ±25%, which gave similar
results, albeit with more noise. All stocks showed similar behavior as they did
without the errors, and the prices were minimally a�ected. The �shing e�ort
was most a�ected, which was to be expected, since it links directly to the
biostock estimates. However, the �ows stayed relatively stable, even with the
higher error percentage. Introducing errors to the biostock estimates is likely
to give results closer to real-world behavior, since they are, of course, estimates.
The fact that the system responded well, is a good sign.

• The demand for �sh was eliminated after �fty years. As expected, with no
demand, the pro�ts, and prices, dropped to zero. Due to the 10.000t minimum
e�ort, mentioned earlier, the system stabilized around that. Had a more so-
phisticated solution been found for that problem, it is likely that all operations
would have stopped with the demand dropping to zero.
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5.4.1. A modi�ed model with �xed prices

While the physical �ow of products was found to work as expected, integrating
the market dynamics proved di�cult. It was therefore decided to make additional
simulations with the prices �xed. The wholesale price was set at 268.36 ISK/kg
(Reiknistofa �skmarkaða, b) and the retail price was set at 2090 ISK/kg (price in
April 2017 from Ha�ð, a local �sh retailer). This change made other parameters
much easier to set. The results from this run were very stable and the system reached
an equilibrium in about 30 years. The simulation results are shown in appendix C.

The main point of this experiment was to con�rm the author's suspicions that source
that the volatile behavior during the parameterization of the model, came from the
economic parts. That is to say that the inclusion of that restricts the area of feasible
solutions. The ease of re-parameterizing the model with the �xed prices, and the
simulations where the system reached an equilibrium, support this.

5.4.2. Sensitivity analysis

Sensitivity analysis was made for three variables using the built-in feature in STELLA.
The variables examined were error in estimate, HCR, and waste percentage. The
errors in the estimates refer to the biostock estimates that are the foundation to
the quota, and was set at 1 (indicating no error) in previous runs. This parameter
was examined in order to evaluate the importance of accuracy in these estimates.
The next variable, HCR, should give a similar behavior, but was also tested for
more extreme values. A combined e�ect for these two variables was not examined.
Finally, the waste percentage is of importance as less waste means a greater yield of
higher value products. This variable was chosen as it is an "in-house" variable, that
is a variable which might be optimized in-house by the �sheries to directly increase
their yields. A few additional parameters were tested informally, mainly during the
parameterization of the model, but are not reported here.

For these sensitivity analyses it should be noted that only the variable in question
was changed. No other parameters or response functions were adjusted in any
simulation run.

Figure 5.6 shows the sensitivity analysis of the biostock estimate errors, and the
e�ects on the �sh stock (a) and the �shing �ow (b). Five parallel runs were made,
involving no error (line 1), a 50% and a 25% underestimate of the stock size (lines
2 and 3), and a 25% and a 50% overestimate (lines 4 and 5). These errors may be
somewhat unrealistic but were chosen to be great enough to have some e�ects. The
percentage changes in the �sh stock, and the �shing �ow can be seen in table 5.1.
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Figure 5.6: Sensitivity analysis of the errors in biostock estimates.

Estimate error Fish stock Fishing
50% underestimate 25.8% increase 60.3% decrease
25% underestimate 10.1% increase 21.5% decrease
25% overestimate 11.0% decrease 11.2% increase
50% overestimate 21.2% decrease 18.2% decrease

Table 5.1: Changes to the �sh stock and the �shing for di�erent biostock estimates.

The percentags are calculated for the values after a run-time of 50 years. Other
parts of the system showed similar relative changes.

Overall, the system responded as expected to these variations. From this test it is
possible to conclude that the accuracy of the biostock estimates is important for
both the �sh stock, and the �nancially invested parties.

Figure 5.7 shows a sensitivity analysis of the HCR and the e�ects on the �sh stock
(a) and the �shing e�ort(b). Again, line 1 represents the original 20% harvest
rate. Lines 2 through 8 represent 10%, 15%, 25%, 30%, 40%, 50% and 90% harvest
rate, respectively. Decreasing the harvest rate had negligible e�ects, as did slight

Figure 5.7: Sensitivity analysis of the HCR.
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increases. At higher harvest rates, the �sh stock started to su�er, as did other
variables as a result. The �sh stock still showed great resilience, even at extreme
harvest rates. At 50% harvest rate (that is line 7), the stock still does not collapse.
Here, the compensation e�ects from the stress of the �shing e�ort on the stock,
are at their limit, but the stock has started to su�er greatly. The oscillation in
this line is likely a result of two, or more, feedbacks shifting dominance. At the
extreme 90% harves rate the stock decreases fast, then rises slightly again, before
collapsing. A good explanation for the rise in the stock before its collapse was not
found. The stock's resilience to the higher harvest rates is still surprising. Possibly,
the recruitment and death parameters were set too favorable, making the stock
unreasonably resilient. In general, the system responded in a similar manner to the
error-in-estimate sensitivity analysis above. Furthermore, as the �sheries' economy
fared equally well at 10%, 15%, 20%, and 25% harvest rate, it can be concluded
that the current harvest rate is at, or very near, the MSY. The 25% harvest rate
did however yield a lower stock size than the lower rates.

Figure 5.8 shows a sensitivity analysis of the processing e�ciency (that is the waste
percentage), and its e�ects on the �sh in storage (a), and the price of �sh from
�sheries (b). E�ciency was increased from 40% to 70% in 5% increments. This
gave somewhat interesting results. The �sh in stock with the �sheries increased in
all cases, however, the price also increased, for the �sheries and the markets alike,
so did their pro�ts, and money stocks. The increased pro�ts allowed for further
technological investments, thus increasing quality. The lowered price appeal was,
however, stronger, leading the lowered demand. The �shing e�ort, and �shing,
remained una�ected, despite the increased pro�ts. This is counterintuitive, and a
good explanation for this behavior was not found. The experiment still showed
that decreasing the waste percentage was bene�cial for both the �sheries, and the
markets.

Figure 5.8: Sensitivity analysis of the processing e�ciency.
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According to the statistics in this research, the Icelandic authorities appear to pro-
mote a responsible use of the �sh we have. The comprehensive legal framework,
backed up by active research and audits, is designed to ensure that the resource is
used in a responsible manner, while not being overexploited. The simulation results
support this, as the system showed stability with a consistent economic growth for
stakeholders, and the �sh stock being sustained in balance.

Following are the main conclusions in three sections, covering the diagrams, the data,
and the simulations, respectively. A handful of suggestions for further research are
made, followed by concluding remarks.

6.1. Addressing the diagrams

Looking at the system's drivers, the reinforcing feedback loops are responsible for
driving the system. Each part of the chain has its driving RFB loop. For the �sh
stocks there are the RFB recruitment loops which sustain the stocks. As the �shing
e�orts disrupt the natural balance of the stocks, the compensating e�ects kick in,
thus increasing the recruitment rate. This also happens in a RFB. The combination
of these two loops ensures a supply of �sh in the sea, assuming the �shing e�orts
are reasonable. For the following links in the chain, they are pro�t driven. These
feedbacks are highlighted in �gure 6.1; loops R1 and R2 resupply the �sh stock, R3
drives the �shing e�ort and the �ow of �sh from the oceans to the �sheries, and R4
ensures a supply of �sh to the markets. A few variables have been omitted from
the �gure to emphasize the RFBs in question. Reinforcing feedbacks, such as these,
should be found in any supply chain.

The �shing e�orts depend on the quota, but are a�ected by the pro�ts of the �sh-
eries, the catchability, and the �shing technology. The catchability and the �shing
technology are connected since better research, detection, gear, and such factors
increase the catchability and the �shing success. The �shing technology is likewise
pro�t dependent, but by reducing e�orts and thus the associated �eet cost, pro�t
margins of the �eet should increase.
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Figure 6.1: The main RFBs driving the system.

From processing, the landings are split into �sh sellable in the markets, such as
�llets, and byproducts. The SFDs and the CLDs show there is no loss here, that is
whatever is not sellable in the markets gets sold regardless, albeit at a lower price
as byproducts. This may not be entirely accurate, as it is doubtful that any �shery
has a 100% e�ciency in waste management. However, the resulting errors are not
likely to be of any great consequence.

In regard to over�shing, the e�ort limitations due to over�shing were omitted. How-
ever, as �sheries are penalized with �nes in cases of over�shing, it follows that e�ort
should su�er as a result, since the �nes cut into the �sheries' pro�ts, which drive
the e�orts. The feedback loop can be seen in the overview CLDs (�gures 4.13 and
4.15) and it is a BFB.

6.2. The data

A quick comparison of the cod data shows that the HCR is in fact well-adjusted.
With a natural recruitment rate of 0.43 and a mortality rate of 0.20, a harvest ratio
of 0.20 should be well within sustainability margins. The 0.03 di�erence may be
explained by looking at �gure 2.3. There it is shown how the MSY, while yielding
increased landings, is not necessarily the optimal strategy in economic terms. The
MEY is, as shown in the �gure, at a slightly lower e�ort than the MSY. This is
of course subject to the natural population parameters of the harvested species
and must be adjusted accordingly. The cod stock has been shown to be sensitive
to temperature changes (for example Myers et al. (1996)) and so, with the ocean
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getting warmer, the harvest rate might have to be lowered. That is however outside
the scope of this study. The two RFBs shown in �gure 6.1 should make the �sh
stock stable, assuming that the �shing e�orts are within reasonable bounds.

As mentioned before, parameterizing the STELLA model proved to be a challenge.
Two factors might explain those di�culties. Firstly, the data required for the model
may not be publicly available, or, in some cases, the data might not exist. Ag-
gregated data, which this model requires due to the aggregation of variables, was
di�cult to locate. In some cases, data for individual parameters existed, but con-
verting that to aggregated parameters may not always be trivial. This is partially
the reason why it was decided only to consider the Atlantic cod for the STELLA
model. In other cases, especially for the response functions used, the data may not
exist. This is not too surprising since no similar SD models for �sh and �shing sys-
tems were found during research. Such data is likely of little to no use outside SD
models, which could explain the di�culties in obtaining it. Secondly, it is possible,
and even likely, that the structure of the model is the source of these di�culties. A
di�erent model describing the same system might circumnavigate these di�culties
simply by requiring di�erent, more available, data. In the case of the data not ex-
isting, future research might be aimed at locating and gathering the empirical data
required.

6.3. The simulations

The simulations' results support the opinion shared at the start of this chapter.
The simulations show that the �sh stock is kept at an equilibrium and is not over-
exploited. It should be noted that with so many estimated parameters, simulated
data cannot be expected to exactly mirror real-world values. Assuming that all
parameters are of the right order of magnitude, there is still much room for errors to
compound in feedback loops. Therefore, the focus should be on the trends and the
relative behavior displayed, rather than the absolute numerical values generated.

The �sh stock is sustained throughout the simulation period. As mentioned, the
stock may be modeled unreasonably resilient since it only collapsed at very extreme
harvest rates. Nevertheless, it does respond as expected and the causal structure
is sound; therefore it may be a parameter issue. Furthermore, the stock reached a
balance which is a fair bit higher than the current biostock estimates. By adjusting
the stock's parameters, the stock's balance could have be lowered to equal the current
estimates; this was not done, and the e�ects from doing so were not considered.
The simulations show that stakeholders can still return a pro�t without causing the
resource undue strain. The current harvest percentage is su�cient to sustain the
resource while allowing a healthy supply of products.
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6. Conclusions and discussion

Comparing the simulation results of the model with the �xed prices to the standard
ones does not show any signi�cant di�erence. The major stocks and �ows show
the same general behavior in both cases. The �xed-price model had less variability,
which is to be expected, but the main di�erence was in the work required to reach
that. From the �xed-price model it can be deducted that the standard model does
simulate the price dynamic in an acceptable manner. Had the two simulations given
signi�cantly di�erent behavior it would be logical to look for an explanation in the
causal structure of the model, that is the CLDs. Since that was not the case, the
current structure appears su�cient to describe the price dynamics of such a system.

The simulations made, both the ones reported here and the countless simulations
run while parameterizing the model, did show that individual parts of the model
behaved in a reasonable and, where applicable, expected manner. This supports the
causal hypothesis of the system as it is presented in the CLDs.

6.4. Further research

There are numerous ways in which the research presented here might be improved
or re�ned to a higher sophistication. Following is a short list of issues that might
be improved:

• As previously mentioned, an e�ort to gather a group of stakeholders and other
researchers along with the instructor was made, to help build and review the
causal structure of the system in diagrams. Those e�orts were unsuccessful
for various reasons. It is likely that this project could have bene�ted greatly
from that approach, providing a deeper knowledge about the intricacies of this
system.

• Although far outside the scope of this research, the e�ects of climate change
on the �sh populations cannot be ignored. However, modeling that is likely to
be a massive undertaking.

• The simulations were only made for the Atlantic cod, which is of course only
one of the many species harvested. Aggregating all the species for a simulation
run was not done and it is therefore not known if that gives any useful results.
Building on the work here and modeling more species might still be of interest
for a more complete picture.

• Much of the data used in the simulations was assumed or estimated. Some of
the numbers are very hard, maybe impossible, to determine rigorously, such
as the response curves. Improved accuracy could be attained with further
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numerical research and gathering of real data.

• Bycatch is addressed in the CLDs but not included in the simpli�ed version,
and as a result is not included in the simulations. Further work might be of
interest, especially from a sustainability perspective.

• The simpli�cations to the supply chain cut out two markets: the auction
market for landings and the byproduct market. Further work on these may be
of interest for the respective stakeholders.

6.5. Concluding remarks

Despite the rapid advancements in aquaculture, the majority of �sh sold in and
from Iceland still comes from capture-based �sheries. Whether the Icelandic �shing
industry will transition to aquaculture to a greater extent is not easy to predict.
Regardless, the �sh in the sea is an important resource and will continue to be so
for the foreseeable future. As such, Icelanders must treat the resource with care and
respect, and stay vigilant.

The main goals of this study were presented in section 1.1, and will now be addressed
individually:

• Explore the viability of building a system model of the Icelandic �shing indus-
try;

The system was studied and the main stocks and �ows were identi�ed, a causal
hypothesis developed, and a simulation model was built.

• Determine if the current utilization of the Atlantic cod is sustainable and, if
not, �nd the resource's lifetime;

The simulations show that the current use of the resource is indeed sustainable. As
has been pointed out, the cod stock might have been modeled overly resilient to
high harvest rates, however, at the current utilization, the stock can be expected to
fare well.

• Identify the parameters of sustainable use and the maximum sustainable yield.

Comparison of the data, simulations, and the HCR sensitivity analysis show that
the current harvest rate is at, or very near, the MSY.
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6. Conclusions and discussion

The study has shown how the methods of systems analysis can be used to map and
simulate a system such as this. While they do not replace traditional methods they
can be another tool in the toolbox of both researchers and stakeholders alike. The
aim of this study was never to mirror real-world behavior to the letter, which is
re�ected in the simpli�cations made. The model presented here does still recreate
the system's behavior and with further re�nement could be quite a useful tool.
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A. Additional simulation results

Following are additional results from the STELLA simulations.

Figure A.1: Additional simulation results from the stable model.
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A. Additional simulation results

Figure A.2: Additional simulation results from the stable model.
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B. Stella parameters

Following is a listing of the parameters in the STELLA model, they can also be seen
in the STELLA code in appendix C.

Fish and �shing:

• Fish stock: 1302000t, Ocean Space Carrying Capacity: assumed to be 2000000t.

• Recruitment rate adjustment: �shing 20% of stock leads to increased recruit-
ment rate by 10%.

• Catchability: assumed that the current stock density (1,7176t/km2) gives 75%
catchablity and double the current density (3.5t/km2) gives a 95% catch rate.

• Equipment lost at sea: assumed to be 1% of the e�ort, the initial stock of
derelict gear was set at 300.000t (long term stability of stock (1500year run)
is 511000t, assume the current stock is 60% of that), and decay rate of 1%

• Cost per tonne of catch: 10.000 and modi�ed with �shing technology response.

Fishery:

• Fishermen salary set as 0.1% of landings times the ex-vessel price.

Figure B.1: The two response functions not shown in the main text.
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B. Stella parameters

• Ex-vessel price conversion: 1/10 of �shery price.

• Byproduct price conversion: 1/5 of �shery price.

• Unit storage cost: 1.000

• Cost of processing per tonne: 10.000 and modi�ed with production technology
response.

• Storage loss assumed 1%

• Permits: 100.000.000 per year

• Other expenses: 100.000.000 per year

Market:

• Market loss assumed 1%

• Other expenses: 100.000.000 per year
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C. Fixed price simulation results

Figure C.1 shows the main results from the simulations with the prices �xed. Overall,
behavior was not signi�cantly di�erent from simulations with calculated price. This
version's results have two main di�erences: the �shing e�ort (b in �gure), and the
consumer curve (d in �gure), both rise, and stabilize much faster than in other
simulations. The response curves derived from the price, and pro�ts, were adjusted
slightly, to be more consistent with the �xed prices. In this run the price appeal
and product quality are higher, thus the number of consumers increases.

Figure C.1: Simulation results with the prices �xed.
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D. The STELLA equations

Following are the equations generated by the STELLA software:

Money_in_market(t) = Money_in_market(t - dt) +

(Income_from_market - Market_expenses) * dt

INIT Money_in_market = 1000000

INFLOWS:

Income_from_market = Consumer_paying_for_fish

OUTFLOWS:

Market_expenses = Market_paying_fisheries+Other_market_expenses+

Cost_of__shipping+Market_storage_cost

Money_of_fisheries(t) = Money_of_fisheries(t - dt) +

(Income__of_fisheries - Expenses_of_fisheries) * dt

INIT Money_of_fisheries = 1000000

INFLOWS:

Income__of_fisheries = Profit_from_selling_byproducts+

Market_paying_fisheries

OUTFLOWS:

Expenses_of_fisheries = Cost_of_processing+Storage_cost+

Cost_of_fleet+Permits+Investment_in__fishing_technology+

Investment_in_production_technology+Fines+

Auction_market_markup_price_percentage*Exvessel_price*

Landing_catches+Other_fishery_expenses

Derelict_fishing_equipment(t) = Derelict_fishing_equipment(t - dt) +

(Equipment_lost_at_sea - Equipment__decay) * dt

INIT Derelict_fishing_equipment = 300000

INFLOWS:

Equipment_lost_at_sea = Fishing_effort*Eq_loss_rate

OUTFLOWS:

Equipment__decay = Derelict_fishing_equipment*0.01

Fish(t) = Fish(t - dt) + (Recruitment - Deaths - Fishing -

Ghost_fishing) * dt

INIT Fish = 1302000

INFLOWS:

Recruitment = Fish*Recruitment_rate
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D. The STELLA equations

OUTFLOWS:

Deaths = Fish*Death_rate

Fishing = Fishing_effort*Catchability

Ghost_fishing = Catchability*Derelict_fishing_equipment/100

Fishing_technology(t) = Fishing_technology(t - dt) +

(Investment_in__fishing_technology - Wear_on_fishing_equipment) * dt

INIT Fishing_technology = 50000000

INFLOWS:

Investment_in__fishing_technology = Technology_investment_response

OUTFLOWS:

Wear_on_fishing_equipment = Fishing_technology*Equipment_wear_rate+

Fishing_effort*Effort_wear_coefficient

Fish_in_market(t) = Fish_in_market(t - dt) + (Supply_to_market -

Loss_in_market - Consumer_buying_fish) * dt

INIT Fish_in_market = 1300

INFLOWS:

Supply_to_market = Deliveries_from_storage

OUTFLOWS:

Loss_in_market = Fish_in_market*Market_loss_percentage

Consumer_buying_fish = Consumer_demand

Fish_in_storage(t) = Fish_in_storage(t - dt) + (Move_to_storage -

Loss_in_storage - Deliveries_from_storage) * dt

INIT Fish_in_storage = 100000

INFLOWS:

Move_to_storage = Processing*(1-Waste_percentage)

OUTFLOWS:

Loss_in_storage = Fish_in_storage*Storage_loss_percentage

Deliveries_from_storage = Market_buy_fish_from_fisheries

Nonfood_byproducts(t) = Nonfood_byproducts(t - dt) + (Removing_waste -

Selling_nonfood_byproducts) * dt

INIT Nonfood_byproducts = 0

INFLOWS:

Removing_waste = Processing*Waste_percentage

OUTFLOWS:

Selling_nonfood_byproducts = Nonfood_byproducts

Production_technology(t) = Production_technology(t - dt) +

(Investment_in_production_technology - Wear_on_equipment) * dt

INIT Production_technology = 50000000

INFLOWS:

Investment_in_production_technology = Technology_investment_response

OUTFLOWS:

Wear_on_equipment = Production_technology*0.2+Processing*

Processing_wear_coefficient

Unprocessed_fish(t) = Unprocessed_fish(t - dt) + (Landing_catches -
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Processing) * dt

INIT Unprocessed_fish = 1000

INFLOWS:

Landing_catches = Total_catch*(1-Discard_percentage)

OUTFLOWS:

Processing = Unprocessed_fish

UNATTACHED:

Consumption = Consumer_buying_fish

UNATTACHED:

Loss_at_sea_and_discards = Total_catch*Discard_percentage

UNATTACHED:

Total_catch = Fishing

Abroad_market_population = GRAPH(TIME)

(2000, 5.5e+008), (2100, 6.5e+008)

Auction_market_markup_price_percentage = 0.01

Available_carrying_capacity = Fish/Ocean_space_carrying_capacity

Biostock_estimate = Fish*Error_in_estimate

Byproduct_price_conversion = 0.1

Byproduct_unit_price = Price_of_fish_from_fisheries*

Byproduct_price_conversion

Catchability = GRAPH((Fish*Fishing_technology__response)/

Fishing_area_size)

(0.00, 0.00), (0.583, 0.235), (1.17, 0.502), (1.75, 0.75),

(2.33, 0.866), (2.92, 0.921), (3.50, 0.95)

Consumers = Market_share*(Iceland_Population+Abroad_market_population)

Consumer_demand = Consumers*Fish_per_person

Consumer_paying_for_fish = Consumer_buying_fish*Retail_price_of_fish

Cost_of_fleet = Fishing_effort*Operational_cost_per_tonne+

Fishermen_salary

Cost_of_processing = Processing*Cost_of_processing_per_tonne

Cost_of_processing_per_tonne = 10000*Prod_cost_response__to_prod_tech

Cost_of__shipping = Deliveries_from_storage*100

Death_rate = Natural_death_rate*Death_rate_adjuster

Death_rate_adjuster = GRAPH(Available_carrying_capacity)

(0.00, 0.5), (0.1, 0.54), (0.2, 0.556), (0.3, 0.603), (0.4, 0.651),

(0.5, 0.714), (0.6, 0.81), (0.7, 1.00), (0.8, 1.21), (0.9, 1.40),

(1.00, 1.63), (1.10, 1.84), (1.20, 2.06), (1.30, 2.30), (1.40, 2.63),

(1.50, 2.95), (1.60, 3.35), (1.70, 3.73), (1.80, 4.13), (1.90, 4.56),

(2.00, 5.00)

Discard_percentage = 0.01

Effort_response_to_profit = GRAPH(Profit_of_fisheries)

(0.00, 0.00), (1e+010, 0.333), (2e+010, 0.667), (3e+010, 0.919),

(4e+010, 1.09), (5e+010, 1.20), (6e+010, 1.28), (7e+010, 1.36),

(8e+010, 1.42), (9e+010, 1.47), (1e+011, 2.00)
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D. The STELLA equations

Effort_wear_coefficient = 0.1

Equipment_wear_rate = 0.2

Eq_loss_rate = 0.01

Error_in_estimate = 1

Exvessel_price = Price_of_fish_from_fisheries*

Exvessel_price_conversion_factor

Exvessel_price_conversion_factor = 0.1

Fines = Overfishing_chech*10000000

Fishermen_salary = Exvessel_price*Landing_catches*0.001

Fishery_coefficient_of_proportionality_between_supply_and_demand = 0.1

Fishery_price_appeal = GRAPH(Price_of_fish_from_fisheries)

(2000, 1.10), (2.5e+006, 1.09), (5e+006, 1.04), (7.5e+006, 0.967),

(1e+007, 0.837), (1.3e+007, 0.63), (1.5e+007, 0.43), (1.8e+007, 0.303),

(2e+007, 0.18), (2.3e+007, 0.107), (2.5e+007, 0.05)

Fishing_area_size = 758000

Fishing_effort = max((Quota*Effort_response_to_profit*

Fishing_technology__response)/Catchability,10000)

Fishing_technology__response = GRAPH(Fishing_technology)

(0.00, 2.00), (1e+006, 1.99), (2e+006, 1.97), (3e+006, 1.94),

(4e+006, 1.86), (5e+006, 1.76), (6e+006, 1.65), (7e+006, 1.51),

(8e+006, 1.24), (9e+006, 0.862), (1e+007, 0.5)

Fish_per_person = 0.02188

Fleet_cost_response_to_technology = GRAPH(Fishing_technology)

(0.00, 1.10), (1e+007, 0.9)

HCR = 0.2

Iceland_population = GRAPH(TIME)

(2000, 300000), (2100, 450000)

Market_buy_fish_from_fisheries = Market_profit*Fishery_price_appeal

Market_coefficient_of_proportionality_between_supply_and_demand = 0.5

Market_loss_percentage = GRAPH(Fish_in_market)

(0.00, 0.00), (2500, 0.00), (5000, 0.00), (7500, 0.00), (10000, 0.00),

(12500, 0.102), (15000, 0.106), (17500, 0.112), (20000, 0.126),

(22500, 0.155), (25000, 0.2)

Market_paying_fisheries = Supply_to_market*Price_of_fish_from_fisheries

Market_profit = DERIVN(Money_in_market,1)

Market_share = Retail_price_appeal*(Quality_of_product)

Market_storage_cost = Fish_in_market*0.01

Max_demand = (Iceland_Population+Abroad_market_population)*

Fish_per_person

Natural_death_rate = 0.2

Natural_recruitment_rate = 0.43

Ocean_space_carrying_capacity = 2000000

Operational_cost_per_tonne = 10000*Fleet_cost_response_to_technology

Other_fishery_expenses = 100000000
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Other_market_expenses = 100000000

Overfishing_chech = GRAPH(Fishing-Quota)

(-1.00, 0.00), (0.00, 1.00), (1.00, 1.00)

Permits = PULSE(100000000,1,1)

Price_of_fish_from_fisheries =

Fishery_coefficient_of_proportionality_between_supply_and_demand*

(Max_demand-Fish_in_storage)*(Quality_of_product)

Processing_wear_coefficient = 0.01

Production_quality_response_to_prod_tech = GRAPH(Production_technology)

(0.00, 0.00), (3e+007, 0.0349), (6e+007, 0.0984), (9e+007, 0.181),

(1.2e+008, 0.33), (1.5e+008, 0.5), (1.8e+008, 0.679), (2.1e+008, 0.829),

(2.4e+008, 0.917), (2.7e+008, 0.968), (3e+008, 1.00)

Prod_cost_response__to_prod_tech = GRAPH(Production_technology)

(0.00, 1.10), (1e+007, 0.9)

Profit_from_selling_byproducts = Selling_nonfood_byproducts*

Byproduct_unit_price

Profit_of_fisheries = DERIVN(Money_of_fisheries,1)

Quality_of_catch = GRAPH(Fishing_technology)

(0.00, 0.00), (3e+007, 0.0317), (6e+007, 0.0825), (9e+007, 0.162),

(1.2e+008, 0.311), (1.5e+008, 0.54), (1.8e+008, 0.733), (2.1e+008, 0.841),

(2.4e+008, 0.93), (2.7e+008, 0.978), (3e+008, 1.00)

Quality_of_product = 0.5+Production_quality_response_to_prod_tech*

Quality_of_catch

Quota = ((Biostock_estimate+DELAY(Biostock_estimate,1))/2)*HCR

Recruitment_rate = GRAPH(Natural_recruitment_rate+Fishing/(4*Fish+0.01))

(0.43, 0.43), (0.53, 0.53)

Retail_price_appeal = GRAPH(Retail_price_of_fish)

(0.00, 1.00), (1.5e+006, 0.971), (3e+006, 0.908), (4.5e+006, 0.795),

(6e+006, 0.599), (7.5e+006, 0.412), (9e+006, 0.225), (1.1e+007, 0.125),

(1.2e+007, 0.05)

Retail_price_of_fish =

Market_coefficient_of_proportionality_between_supply_and_demand*

(Max_demand-Fish_in_market)*(Quality_of_product)

Storage_cost = Unit_storage_cost*Fish_in_storage

Storage_loss_percentage = GRAPH(Fish_in_storage)

(0.00, 0.00), (2000, 0.00), (4000, 0.00), (6000, 0.00), (8000, 0.05),

(10000, 0.051), (12000, 0.0522), (14000, 0.0544), (16000, 0.0627),

(18000, 0.0941), (20000, 0.149)

Technology_investment_response = Profit_of_fisheries/10000

Unit_storage_cost = 10000

Waste_percentage = 0.6
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