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Introduction 

The artisanal fishery sector in Senegal is a complex system of fishermen and 
fish traders acting in close interaction. Indeed, in the overall marine fishery sector, 
several ethnic groups with different behaviors target more than a hundred fish spe-
cies using nineteen types of fishing gear (Laloë and Samba 1990). Once fishermen 
land their catches, another complex set of fish traders is in charge of the food 
product distribution (Chaboud 1985). Seafood can then be sold on the beach, 
processed, transported to the various markets of the country or brought to Dakar, 
the capital, for export. The overall dynamics observed are the result of composite 
biological, technological and socio-economic interactions. 

A historical review of this fishery sub-sector (Chauveau and Samba 1990) 
pointed out that management changes introduced in the small-scale fishery more 
often than not led to unexpected effects. Indeed, some management measures in-
troduced for a given purpose often led to undesirable consequences on other parts 
of the exploitation that were not concerned by the given measure. 

The system appears to be an archetype of complexity. From a management per-
spective, explanations may be sought for the conditions under which such a com-
plex sector achieves organization and stability, despite the multiple dependencies 
existing between the different components. Answering such a question could help 
to better depict the possible derived consequences of a given management meas-
ure introduced into this sector. 

Studies and models on trade/market/price systems of self-organization and 
equilibrium are usually detailed insights which consider one or a few aspects of 
the market or chain dynamics such as price fixing (Gale 1987, Donangelo et al. 
2000, Calvó-Armengol 2003, Zhu 2004), trade-offs and negotiation mechanisms 
(Faratin et al. 2002, Lemke 2004), interaction schemes and the network configura-
tion of markets (Guriev and Shakhova 1996, Iori 2002, Vriend 2004), decentrali-
zation effects (Calvó-Armengol 2003), multiple levels of exchange such as in sup-
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ply chain models (Kaihara 2001, Dangelmaier et al. 2002), and the interaction be-
tween prices and consumption (Nagel et al. 2004). 

In a world like the fishery sector, a given market can be considered as a local 
phenomenon embedded and connected in a variety of others, all of which together 
constitute the overall sector dynamics. This means that all of the cited aspects of 
the dynamics may be of importance and should simultaneously play a role in the 
overall dynamics. 

Moreover, the studies presented are usually described using abstract situations 
where localization and distances are not considered. In the real world of the fish-
ery trade sector, transport costs are clearly a significant part of the fish price fixing 
as well as choices for a given place or another constitute key factors of the supply 
and demand dynamics. Furthermore, the resource-harvesting dynamics should 
clearly influence the dynamics of supply and fish market prices.  

Again, these multiple factors all intervene simultaneously at different levels and 
scales. The question then remains of the ability and means for a complex trading 
sector to converge, in such a context, towards self-organization and exhibit any 
equilibrium or steady-state. 

A multi-agent computer model restricted to the fresh fish supply chain in Sene-
gal has been developed to study this question. The model is based on the represen-
tation of the agents’ choices, actions and interactions. The multi-agent formalism 
has been used since it easily permits modeling of decentralized processes as well 
as studying adaptive or emerging phenomena (Railsback 2001). These latter are 
indeed felt to be the possible keys for the emergence of self-organization or equi-
librium. Moreover, multi-agent formalism looks very suitable for studying sys-
tems where negotiation and multi-criteria functions play central roles (Oliveira et 
al. 1999). 

Model presentation 

Outline 

The model is based on a cybernetic (Ashby 1964) perception of the domain. In 
this approach, the fishery sector is considered as a set of four interconnected net-
works within which circulate money, fish, human agents and information. These 
flows may be interconnected at some points where matter can be exchanged (e.g., 
money exchanged for fish, activity for money). From this viewpoint, looking for a 
sustainable exploitation of Senegalese resources may consist in maintaining these 
flows. 

These overall dynamics are formalized at a finer scale using a diversified com-
bination of local actions and interactions: The human groups in charge of the ex-
ploitation (fishermen, fish traders) constitute the concrete link between biological, 
technical, economic and social dynamics. The agents are endowed with various 
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behaviors allowing them to obtain information from their environment, make 
choices about it and produce several actions. For these agents, the ability to re-
spond to changes in their environment hinges on their ability to choose from one 
alternative to the other, and their ability to negotiate with other agents. 

The combination of the different actions produces flows of fish, currencies, 
human agents and activity and, finally, the overall dynamics (production, richness) 
of the fresh fish channel. 

Class Structure 

To investigate this composite issue, the object-oriented design of the multi-
agent model leads to a class hierarchy where each sub-class ‘is-a-kind-of’ its su-
per-class. The classes that have been retained in the model of the Senegalese ex-
ploitation are presented in Figure 1. 
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Figure 1: Computer constituents (classes) selected to formalize the domain. Grey boxes 
show examples of the object characterization for each corresponding class (note: the 
“memory" field refers to a separate storage class not figured in the hierarchy) 

The overall fishery exploitation is composed of four main classes: the commu-
nities conducting the various flows, the knowledge they can access for this pur-
pose, the places in which they operate and the living fish stocks they harvest. 
These major classes are divided into more specialized ones to obtain a sufficient 
(parsimonious) description of what composes the fishery exploitation. In each of 
the eleven terminal classes, several objects are differentiated. Each object in a 
given class is given a set of attributes that are defined by the class to which it be-
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longs (four examples are presented in Figure 1). The value of these objects’ attrib-
utes document either the relationships with other objects (pointer fields) or spe-
cific characteristics (valuated fields). 

Functional representation 

Upon this structure a multi-agent formalism, as described in Ferber (1999), has 
been developed. The Active-Community class contains the active agents (fisher-
men and fish traders) of the food supply chain. These objects can elaborate infor-
mation and produce actions through the nesting of messages sending and replies : 

In this model for example, if a fishing community needs to know the traders' 
demand for a given species in a given port, it sends the corresponding message to 
the port's agent. The port sends the message "species' needs" to each of the fish-
traders currently in this place. Each fish trader then conducts an internal evalua-
tion of its requirements for this species. It replies by sending a message back to the 
port. The port cumulates the answers and after a compilation can reply back to the 
fishing community. 

At a higher level of combination some basic activity of the various agents in the 
exploitation can be formalized. The example in Figure 2 represents fishermen's ac-
tions once they have gone fishing and come back to land their catches: 
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Figure 2: Flow chart of the ‘go to port’ action performed by a fishing community agent 
(e.g. after fishing). Each box corresponds to an ‘order’ (set of messages) sent by the fishing 
community to itself 

Each fisherman agent arriving in a port tries to sell its fish. If it succeeds, it 
memorizes the results of its action and then stands by. The next time it will have 
to act, it will choose to go to sea. If the transaction does not succeed, because there 
are no fish traders for its fish or the negotiation did not succeed, fishermen look 
for another port (action ‘change port’) using a decision process sub-model derived 
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from Le Fur (1995, 1998): according to the information it can gather from other 
objects and agents, the community elaborates a set of alternatives to where it can 
go. For each of these places, it evaluates the opportunity related to several criteria. 
In this case, the opportunity to go to one port or the other will depend on traders' 
demand, species prices, transport costs, confidence for one or the other place. Af-
ter comparing the opportunity for each of the alternatives, whether it finds a better 
place to sell its fish and then goes to the new port where the whole process starts 
again, or it does not find a better place, and stands by for the next fishing trip. If, 
during its standby, fish trader agents happen to arrive in this port, selling may oc-
cur. 

 
To account for the whole exploitation activity, four similar processes have been 

formalized: two for the fishermen agents: ‘go fishing’ and the ‘go to port’ just de-
scribed, and two for the fish traders’ agents: ‘go to port’ and ‘go to market’. 

At each time step, each active agent, fisherman or fish-trader has to choose 
from one of its two moves. Going to the same place is allowed as a stand-by. De-
pending on its stocks (fish, money) and the result of its preceding choices, it goes 
to a given place whose characteristics conduct it to a specific ‘action’. For exam-
ple, a fisherman arriving at a fishing zone fishes, a fish-trader in a port tries to buy 
fish, etc. Any action conducted leads to a subsequent ‘evaluation’ of its result. 
This evaluation may lead to change or no change in the next action aimed at by the 
active agent. 

Interaction and transaction 

When two communities, a buyer's and a seller's, happen to meet in a given 
place, negotiation may occur, followed or not by a transaction. A sub-model has 
been developed to formalize this mechanism. 

Transaction sub-model: Since in Senegal, bargaining is the rule for exchange, 
the transaction sub-model represents selling by private contract between the dif-
ferent communities: at the beginning of the transaction, the selling community 
(fisherman, fish trader) obtains information from its surroundings, evaluates the 
cost caused by the previous activity (moving, buying, fishing) and proposes its 
price. The buyer (fish trader, customer) considers its previous costs or needs and 
puts forth its own proposition. The final price of the transaction will be a value be-
tween the seller's lowest price and the buyer's highest price. In decision theory, 
given A a set of acts, E the possible states of an environment, the possible conse-
quences (C) can be described through a probability distribution. A rule of thumb 
(e.g., Charreton and Bourdaire, 1985) establishes the possible mean of this distri-
bution (i.e., final price) as: ⅓ · [maximum of the distribution + minimum of the 
distribution +  mode]. Following this scheme, the transaction price will be, for ex-
ample in a port: ⅓ · [fishermen's price + traders' price + final price in the port 
during the last transaction concerning this species]. If the final price is acceptable 
to both partners, the transaction occurs and the price changes in the port. In a 
given time step, the evolution of the traders' arrival in the port and their successive 
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transactions generates the port's fish prices dynamics. These fluctuations will 
again intervene in the agents' choices. This procedure is duplicated in the market 
places where transactions occur between fish traders and consumers. 

 

Since the agents may own fish and currencies, their moves lead to the activa-
tion of the various flows constituting the exploitation. Moreover, depending on the 
place where an agent operates, it can come into interaction with other agents and 
decide whether or not to exchange matter (work into fish, fish into currency, etc.). 
In this way, the accuracy of the moves and of the interactions will be a condition 
for an accurate subsequent action. 

Simulation process 

Simulation scenarios are built using data available in the literature (Chaboud 
1985, Chaboud and Kébé 1990, CRODT 1989, 1990). The whole Senegalese ex-
ploitation has first been instantiated and led to a scenario with a system composed 
of 126 fishing community agents accounting for 3193 fishing teams, 1421 traders 
agents, 14 markets, 9 ports, 13 fishing zones, 5 fishing gears types, 6 vehicle types 
and 21 types of fish species. For practical reasons, simulations have been con-
ducted with subsets of this configuration. In this study, the scenario accounts for 
the North coast of Senegal with only gillnets and lines, 2 ports and 8 markets. 

At the beginning of the simulation, active fish traders (trucks) and fishermen 
(canoes) are positioned on their current places. Each community agent is given 
45.000 CU for 15 days (with CU: currency unit such as 1 CU approximates to 
1000 Senegalese CFA Francs). The simulation then proceeds step by step with one 
time step equivalent to a fortnight. At each time step the external sources of fluc-
tuation are documented. This consists in making the natural resources produce fish 
on one side of the system and providing consumers with money and consumption 
needs on the other side. Each active community is then allowed to produce an ac-
tion. Depending on their environment, their preceding choices and results, fisher-
men and fish traders move to one or another type of place, port or market, and try 
to fish, sell or buy.  

At the beginning of a simulation and depending on the initial scenario, the 
communities introduced into the "virtual exploitation" may not fit with the par-
ticular environment simulated. For example, a fisherman with bad information 
will not go where fish traders are waiting, another may look for unavailable spe-
cies, a fish trader may go to distant markets and incur high transport costs, etc. 
Depending on their action some communities may thus lose money. If a commu-
nity, through its activity happens to lose more than 10.000 CU in the 15 preceding 
steps, it leaves the fishery. The most indebted agents leave the ‘virtual exploita-
tion’ first and, from time to time, only the fittest communities remain in the ex-
ploitation. 
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Simulation results 

Owing to the structure of the multi-agent system, it is possible to obtain an in-
sight into the various levels of the fishery system dynamics. 
• At the finest scale, activities, decision processes, negotiations and transactions 

between agents can be traced precisely. Traces show diversified choices and ac-
tions through time and from one agent to the other. The listing in Figure 3 pre-
sents a snapshot of a fishing community during the transaction phase of their 
activity. 

5 pml-ky-2 leave the Kayar_sea and [transport: 2CU] arrive
at Kayar
Price given for rays by pml-ky-2: .220
Price given for sea bream by pml-ky-2: .130

by Kayar-40: .043
after negotiation: .097

5 pml-ky-2 sell (each) 200kg/day of sea bream to 3
kayar-40 and earn 19.4 CU/pers./day

Price given for red bream by pml-ky-2: .177
Price given for grouper by pml-ky-2: .488

by Kayar-75: .014
after negotiation: .315

, Kayar-75 refuses transaction.
by Kayar-40: .399
after negotiation: .444

5 pml-ky-2 sell (each) 41kg/day of groupers to 3
kayar-40 and earn 18.2 CU/pers./day

pml-ky-2 has no cuttlefish to sell.

- 5 pml-ky-3 leave the Kayar_sea and [transport: 2CU] arrive
at Kayar

...

Figure 3: An example of the simulated transactions. At the local scale, the actions per-
formed by the agents are traced by the computer. In this example, information has been fil-
tered to keep the selling task trace only (explanation given in text)

In this example, the fishing community agent named ‘pml-ky-2’ comes back to 
‘Kayar’ port object after having fished in ‘Kayar_sea’ marine place object. It tries 
to sell its ‘rays’ but no fish trader is interested in this species. Nothing thus hap-
pens. The fishermen community then tries to sell its ‘sea bream’. Taking into ac-
count its previous costs, the quantity owned and the port's price, it proposes a 
price (.130). The fish traders' agent named ‘kayar-40’ is interested in buying and 
makes an offer. After "bargaining" the price is negotiated to .097 and the two 
communities proceed to the transaction. For the ‘red bream’ species, fishermen do 
not find any traders. For the ‘grouper’ species, the ‘kayar-75’ traders’ agent pro-
poses a very low price (.014). The negotiated price remains too high and the trader 
refuses the exchange. The former trader’s community ‘kayar-40’ is also interested 
in the ‘grouper’ species and here, the negotiation succeeds. At the end of negotia-
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tion, fish traders ask for ‘cuttlefish’ species but the fishermen community did not 
target this species. Nevertheless, this may conduct the community to later choose a 
fishing place to catch this species. Thereafter another fishing community ‘pml-ky-
3’ arrives at ‘Kayar’ and the process goes on. 

 
• At a higher scale, local indicators can be studied. For example, from time to 

time and depending on the moves of the various communities, supply and de-
mand fluctuates from one site to the other and, through negotiations, the species 
prices change. The example in Figure 4 presents an emerging co-evolution of 
the grouper species price dynamics in a port and its nearest market. 
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Figure 4: Price changes of the grouper species in two related places (a port and a nearby 
market).  Results from a simulation 

Dependencies appear between the two places. The comparison of temporal 
changes in prices shows higher prices in the market than in the port. Moreover, 
fluctuations in the port propagate with a delay in the market. The response curve 
shows a sharp increase followed by a slow price decay. This corresponds to a pe-
riod of shortage when the prices increase followed by period of over-supply when 
price falls as new providers/sellers arrive. Some unexplained fluctuations also ap-
pear such as the amplification of the prices observed between t20-t50 followed by a 
decrease around t60. In the model, since the whole set of ports and markets are in-
terconnected, changes occurring in a given place object (e.g., disaffection for a 
port or a market) can lead to changes in other places thus causing these indirect, 
and often difficult to figure out, variations. 
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• Finally, at the overall scale, various flows can be monitored in the simulation. 
The example in Figure 5 shows a possible evolution of the simulated fishery. 
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Figure 5: Self-organization of the virtual exploitation (North coast and markets of Senegal 
with gillnets and lines only).  Results from a simulation 

At the beginning of the simulation, fish landings are greater than the buying ca-
pacity of the fish traders. The unsold quantities are too high and fishermen lose 
money. The exploitation is indebted overall (port's richness). Through time, fish-
ermen who are not able to support the loss leave the fishery (fishermen population 
size). The fish traders’ number remains stable. In the middle of the simulation, the 
fisherman number reaches a low level until it is fitted to the trading capacity of the 
fish traders. The exploitation is, from that time, composed of many fish traders 
with small buying capacities and a few fishermen communities providing the ex-
act demand. The four dynamics become stationary. The unsold quantities tend to 
zero; the exploitation richness is positive and stable.  

Discussion 

Following the classification by Straškraba (2001), the simulated fishery sector 
exhibits both self-adaptation (tuning parameters without modifying structure) and 
self-organization (connecting or disconnecting a diversified set of relationships). 
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Some simulations demonstrated the model’s sensitivity to the agents’ choice 
criteria, the order in which the agents act or the initial conditions of the simula-
tions. As these factors modify the dynamics, the results of the simulation cannot 
be closely related to observed real events; they just display a possible situation 
arising from an approximation of the real context. 

The validation of the model is conducted by comparing the activity of the vir-
tual exploitation at each functional level with observed patterns: fishermen go 
fishing, fish traders arrive in the right market at the right time, the negotiation 
process is rational and reliable compared to what is known of the bargain process, 
prices are realistic compared to those observed, related places co-evolve, etc. The 
simultaneous consistency of the dynamics observed at various levels is a factor 
that reinforces confidence in the emergent dynamics observed. 

Conclusion 

In the course of a simulation, the communities' objectives change depending on 
their various activities (fishing, selling, moving, buying, consuming). From one 
objective to another, from one type of community to another and from one envi-
ronment to another, the decision processes lead to different choices. The resulting 
sum of the activities modifies the context (i.e., environments) through time and, by 
feed-back, influences the various evaluations processed by the agents. Even in 
such a complex multivariate system there exist some combinations for which the 
system is sustainable. 

The agents’ diversity and the multiplicity of their local action provide a large 
degree of freedom to the multi-agent system. This feature can contribute to make 
sustainable combinations available. Moreover, when associated with a simple 
process of agent fitness selection, this ‘distributed-diversity’ feature also provides 
the ability for the simulated system to converge autonomously towards a correct 
parameter combination. 
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