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A B S T R A C T

M any in tern ation al fishery  a greem en ts  con ta in  coop era tive  a greem en ts  in v o lv in g  sharing ru les, su ch  as 
th e  sharing o f  q u otas w ith in  an agreed  to ta l a llow ab le  catch  (TAC). Som e a greem en ts  are stab le  in  th e  
sen se  th a t n on e  o f  th e  particip ants in  th e  g iven  fishery  has an in cen tiv e  to d ev ia te  from  th e  agreem en t. 
This paper exp lores w h a t hap p en s to th e  s e t  o f stab le  agreem en ts  if ch an ges occur w h ich  are ex o g en o u s  
to  th e  fishery. The cod  stock  in  th e  Baltic Sea (u nder c lim ate  ch an ges) serves as an illu strative exam p le . 
G iven th e  p rojected  c lim atic  ch an ges by  th e  In tergovernm en ta l Panel on  C lim ate Change (IPCC), th e  
stab ility  o f  coop era tive  fish ery  a greem en ts  is n o t guaranteed . This paper p resen ts so m e in itia l resu lts o f  
sim u la ted  ch an ges in  fish in g  a greem en ts. T hese resu lts sh o w  th at c lim atic  ch an ges th a t have  a n ega tive  
e ffec t on  th e  resource ren t d ecrease  th e  set o f  p ossib le  stab le  coop era tive  agreem en ts, th ereb y  m ak ing  
coop era tive  so lu tion s le ss  likely.
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1. Introduction

The m ost recent and best estim ate presen ted  by the Intergov­
ernm ental Panel on Climate Change (IPCC) (2007) of average global 
surface w arm ing is a 1.8-4.0 C increase by 2090-2099  relative to 
1980-1999. M any in ternational environm ental treaties and in ter­
national resource-sharing arrangem ents w ill be affected by these 
clim ate changes. In particular, in ternational fish-sharing arrange­
m ents are especially vulnerable to  clim ate changes, since such 
changes directly affect the spatial distribution, grow th, m igration 
and recru itm ent of fish resources, w hich are all variables th a t are 
likely to affect resource rents and thereby  the stability of fish- 
sharing agreem ents. W e address th is issue by setting up a m odel 
for a Baltic Sea cod fishery, w hich will be evaluated in the context of 
sim ulated clim ate changes. The fishery is assum ed to  be exploited 
by groups of countries called players. These players can form dif­
ferent coalitions, w hich are in terp re ted  as cooperative agreem ents 
over shares of quotas. Such cooperative agreem ents induce either
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in ternal stability or stand-alone stability, assum ing th a t no one 
has incentives to  free-ride or deviate from  the agreem ent (Barrett, 
2003; Pintassilgo, 2003). Note th a t free-riding is in terp re ted  as 
catching m ore fish than  the agreed-upon quotas. In som e fisheries, 
including, for example, the Baltic Sea cod fishery, there  is a set of 
possible sharing rules th a t secures stand-alone stability (Kronbak 
and Lindroos, 2007). Here, a set is defined as a collection of possi­
ble stand-alone stable agreem ents. The size of th is set is vulnerable 
to exogenous im pacts, such as clim ate changes, w hich alter the 
ecological environm ent of the fishery. Our paper discusses how 
to m easure w hether clim ate change increases or decreases the set 
of internally  stable cooperative agreem ents w ith  no incentives to 
free-ride using the em pirical exam ple of the Baltic Sea cod fish­
ery. The biological fram ew ork cited here is in tended  to sim ulate 
som e first-order effects in order to understand  how  fishing agree­
m ents m ight be affected by clim ate change. Note th a t at present, 
the results cannot yet be used  as a basis for fisheries m anagem ent 
advice or decision-m aking. The changes in the set of stable fish­
ery agreem ents are ra ther in terp re ted  as a m easure for change in 
robustness of the stable cooperative agreem ent.

Through the im plem entation  of our model, w e show  th a t if cli­
m ate change affects the value of the resource stock by decreasing 
the size of the biom ass or by yielding a sm aller recru itm ent param ­
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eter, stability  is deterio rated  if the payoffs to  the grand coalition 
decrease m ore than  the sum  of the gains achieved th rough  free­
riding. Our aim  is to  dem onstrate  the robustness of in ternal stability 
agreem ents should exogenous changes occur as w ell as to p ro­
vide som e illustrative first-order exam ples of how  clim ate changes 
could affect a fishery agreem ent for the Baltic cod fishery.

Many fish resources are no longer subject to  open access; they  
are now  exploited by a lim ited group of countries acting w ith in  the 
context of explicit agreem ents. Several papers analyze the effect 
of em erging clim ate changes on the stability of such agreem ents. 
Miller (2007) analyses catch agreem ents of highly m igratory fish 
resources such as the Pacific no rtheast salm on and tropical tunas. 
The m ain effect of (tem porary) clim ate changes in this case is tha t 
the fish resource moves so th a t the prem ises on w hich the agree­
m ents rest change, rendering the agreem ent unstable. The lessons 
from Miller (2007) can be used to predict the instability  of insti­
tu tionally  sim ilar trea ties induced by clim ate change, such as the 
trea ty  betw een  N orway and Russia on the shared fish stock in 
the Barents Sea, w hich includes cod, haddock, and capelin. Miller 
(2007) as well as Miller and M unro (2004) conclude on the basis of a 
study of several com m ercially im portan t shared fish stocks th a t the 
m ain m anagem ent challenge in the presence of climatic changes is 
the lim ited understanding  and poor predictability  of the biological 
im pacts, w hich contribute to  the dysfunction or even breakdow n of 
existing cooperative arrangem ents. A b e tte r understand ing  of the 
role of unan tic ipated  clim atic trends of shifts in cu rren t resources is 
needed, since better-in form ed m anagem ent negotiations m ay help 
to  sm ooth the path  of adaptation, for exam ple, by encouraging the 
developm ent of m ore flexible allocation rules (Miller and Munro, 
2004). The conclusions are also p resen t in Miller (2007, p. 56) w hen 
she discusses the provision by the 1995 U nited N ations Fish Stock 
A greem ent of a legal fram ew ork for the creation of regional fishery 
m anagem ent organizations (RFMOs): “The stability and success of 
those organizations w ill depend, in part, on how  effectively they  
can m aintain  m em ber nations’ incentives to  cooperate, despite the 
uncertain ties and shifting opportunities th a t m ay result from large 
clim ate-driven changes in the productivity  or m igratory behaviour 
of the fish stocks governed by the agreem en t”.

Our w ork differs from  the above papers, since we focus on 
econom ically valuable stocks and the stability  of cooperative agree­
m ents. W e presen t a specific case based on a sim plistic biological 
m odel coupled w ith  som e com paratively m ore advanced econom ic 
models, and w e find th a t th is particular case carries lessons for 
o ther shared fisheries in w hich a change in clim ate or o ther exoge­
nous factors m ay slowly change the environm ental conditions of 
the fish stocks. In our paper, w e show  how  the possibilities of 
achieving a cooperative agreem ent for a jo in tly  exploited resource 
change if the resource itself is subject to  an exogenous change. We 
apply this m odel to  the Baltic Sea cod fishery and show  th a t if cli­
m ate change increases the biom ass of the stock, then  there is an 
increased possibility of achieving a cooperative agreem ent.

The paper is organized as follows: Section 2 describes the con­
ditions for stable agreem ents and develops a new  m easure for 
the robustness of stable agreem ents. In Section 3, a bio-econom ic 
m odel is described. Section 4 describes the Baltic Sea fishery and 
the effect of clim ate changes on cod fish. Section 5 introduces the 
scenarios and sim ulations, w hile Section 6 concludes the paper.

2. Stability of agreements

2.1. Measuring stability

Consider several agents extracting a renew able resource, such as 
a lim ited num ber of fisherm en or players, n, w ho exploit a com m on 
fish stock. The fisherm en are assum ed to  adopt rational, profit-

m axim ising behaviour over a finite tim e horizon from year y i to 
y e a ry 2- The actions of the fisherm en are thus defined based on 
the p resen t value of profit, w hich is determ ined  as the functional 
w here the control variable is the fishing m ortality  for player {;}, 
/ ' I ,  and the state variable is the to tal num ber of fish in the stock, 
N. The instan taneous profit in year y  for player {;'}, tc', is defined as 
follows:

n f  =pYyi' (f[ii N ) - a j ; ' ( f - \ N ) ,  (i)

w here p is a constant exogenous ex-vessel price, is a yield func­
tion  m easured in w eight depending on fishing m ortality  and the 
fish stock, and Q¿n is a cost function sim ilarly depending on fish­
ing m ortality  and the fish stock. The net p resen t value of all future 
profit for a single player {i} is defined by the functional:

-V2 TTUlrcfi,>,N) = g (1+ry ,1, (2)
y=yi

w here r  is a discount rate.
The players choose the ir optim al fishing m ortality  as a constant 

fishing m ortality  over the sim ulation period by m axim ising the 
functional J as defined in Eq. (2). W hen fisherm en are com m itted 
to the ir strategies only at the beginning of the gam e it induces a 
sort of open-loop control. The open-loop control allows the players 
less rationality  and flexibility as com pared to  closed-loop control, 
according to  w hich fisherm en can change the ir strategies during a 
game.

Decisions are m ade under com plete bu t im perfect inform ation 
because all fisherm en know  all payoff functions bu t are moving 
sim ultaneously. Subgroups of the n players can form coalitions in 
order to  cooperatively exploit the stock. In a coalition, the play­
ers agree to  jo in tly  decide th e ir actions, and this action is based on 
the m axim um  net p resen t value to the w hole coalition. Therefore, 
a coalition basically indicates a group of players acting as a single 
player in deciding actions. If all players involved in a gam e agree 
to form  a coalition, this is called a grand coalition. The net p resent 
value of future profits to the coalition then  m ust be shared am ong 
the players jo in ing the coalition. Let s ç  K, w here K refers to 2n -  1 
possible coalitions. For coalition s, the strategy is denoted  by f ,  
indicating the strategy chosen w hen  coalition s plays a Nash gam e 
(Nash, 1951 ) against players outside the coalition. Note th a t th is is 
called a 7 -type gam e (Chander and Tulkens, 1997). For sm all coali­
tions, including a singleton, th a t are outside a larger coalition, there 
are free-rider benefits if there  are positive externalities p resen t in 
the m odel. Note th a t there  are positive externalities p resen t in the 
m odel if a m erger of coalitions increases the payoff of a player 
belonging to  a coalition no t involved in the m erger. If a coalition 
tends to  adopt a m ore conservative fishery m anagem ent strategy, 
then  non-m em bers of the coalition are typically be tte r off w hen 
m ore players jo in  the coalition, and m oreover, free-rider benefits 
exist. This is because the available fish stock is an im portan t param ­
ete r in determ ining the optim al fishing m ortality. Note th a t this 
paper addresses a case w ith  positive externalities.

2.2. Requirements fo r  an internally stable agreement

W e assum e th a t the players in the grand coalition, w hich is a 
coalition com posed of all players, form a cooperative agreem ent 
regarding how  to share the benefits of th e ir jo in t actions. This is 
referred to  as a sharing rule or a sharing im putation. A crucial point 
for the cooperative agreem ents to  be stand-alone stable involves 
the w ay the benefits w ith in  cooperation are shared am ong the 
players (i.e., the  sharing rule); see Kronbak and Lindroos (2007). 
The classical theo ry  of gam es in coalitional form ignores the pos­
sibility of externalities. This m eans th a t the action available to a
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coalition is assum ed to be independent of the actions chosen by 
non-m em bers (Greenberg, 1994). Since th is paper is concerned 
w ith  the extraction of a renew able resource by several agents, a 
stock externality  is present, and thus, the classical approach has 
to  be modified (Kronbak and Lindroos, 2007). The essence of this 
m odification is th a t the presence of externalities affects the success 
of stable coalition structures. The approach is applied as a stability 
m easure approach in Kronbak and Lindroos (2007) in w hich free­
rider values are included as th rea t points. A free-rider is defined as 
a player th a t deviates from the agreed coalition, and a th rea t point 
is the value a player can achieve if he decides not to  cooperate w ith  
the coalition. This definition of th rea t points build upon an assum p­
tion  of individual rationality, namely, th a t a player should on lyjo in  
a coalition if th is m akes h im /her at least as well off as he/she w ould 
be by no t jo in ing the coalition.

This approach im plies th a t the stability of an agreem ent is 
increased w hen  the aggregate gain from cooperation increases re la­
tive to the sum  of free-riding gains. Based on traditional cooperative 
games, the general understand ing  is th a t w ith  sm aller gains, it is 
easier to achieve a cooperative solution. In our suggested approach, 
w e are not in terested  in the actual size of the gain bu t ra ther in 
the difference betw een  the gain and the sum  of free-rider profits. 
The reason for th is is th a t com pared to  the free-rider profits, there 
is a larger excess profit th a t can preven t free-riding. Excess profit 
is defined as the profit from  the grand coalition m inus the sum  
of profits from  free-riding behaviours. In such cases, free-riding 
is less attractive, and thus, there  will be a larger set of different 
sharing im putations th a t could form stable agreem ents. Therefore, 
w hen  a larger surplus in the grand coalition exists, th is can be 
used for deterring  free-riding; the excess profit can be d istributed  
to  buy off potential free-riders. From th a t perspective, one can 
say free-riding and non-com pliance bo th  becom e less likely. Both 
free-riding and non-com pliance contain risks of com prom ising the 
agreem ent. Therefore, the higher the gain in the grand coalition rel­
ative to  the free-rider gains, the m ore internally  stable cooperative 
agreem ents exist. This paper only discusses sufficient and neces­
sary conditions to  de te r free-riding in the context of th ree players. 
The conditions are not sufficient w ith  m ore players, since the grand 
coalition m ust be stable w ith  respect to  all o ther possible coalition 
form ations and no t only for free-riders. The th ree-p layer case is, 
how ever, sufficient for our illustrative example.

For a grand coalition to  be stand-alone stable, w e apply the 
definition of stand-alone stability  provided by Pintassilgo (2003), 
w hich states th a t a jo in t agreem ent is stable if no player is b e tte r 
off free-riding th an  jo in ing the grand coalition. This is a parallel 
to  the trad itional individual rationality  assum ed in gam es w ith ­
out externalities, w hich ensures th a t the players are as w ell off as 
w hen  playing as singletons. The difference betw een  gam es w ith  
and w ithou t externalities involves the th rea t points. In gam es w ith  
externalities, the free-rider profits are applied as th rea t points, 
w hile in gam es w ithou t externalities, singleton profits are applied. 
The boundary  for in ternal stability can be defined as the benefits 
from the grand coalition exceeding the sum  of individual benefits 
from free-riding, w hich is the difference betw een  the functional for 
the grand coalition and the sum  of functional for free-riders:

(3)

w here M  corresponds to  the grand coalition. This condition ensures 
th a t in a cooperative agreem ent, the profit gain is large enough to 
possibly com pensate all players so they  can achieve at least the 
profit the  player w ould have achieved w hen  free-riding on the 
grand coalition. Condition (3) describes the excess profit available 
in the grand coalition. The larger this excess is, the  less likely is 
free-riding: th a t is, the excess (or surplus) profit could be said to  be 
a proxy for the num ber of possible internally  stable agreem ents.

In w hat follows, we consider how  the stability  of an agreem ent 
is affected by changes in exogenous param eters. On a general level, 
let z  be any exogenous variable th a t causes changes in, for instance, 
the environm ent or clim ate th a t in tu rn  have ecological effects on 
the stocks in term s of changes in recruitm ent, g row th or mortality, 
for exam ple. These ecological changes (denoted  by) have an effect 
in the availability of the num ber of fish in the stock, w hich thereby  
changes the conditions for internally  stable agreem ents.

W e define the change in the stability of an agreem ent as the 
change in the proxy for the num ber of possible internally  stable 
agreem ents w hen  an exogenous change has occurred. This is a 
“w ith -w ith o u t m easure” m easure of surplus profit th a t com pares 
the case w ithou t exogenous change to  the case w ith  exogenous 
change:

A \ j M( f M , N ;  z ) - ^ i J !il( P ,N :z ) ]  
change in surplus profit =  — --—  ---------------------

(4)

The change in the exogenous factor could be a one-shot change 
in the environm ent, bu t it could also be a gradual change over 
tim e. The above m easure provides an indication of available surplus 
profit w hen  cooperation is feasible and internally  stable (Kronbak 
and Lindroos, 2007). If the m easure is negative, this m eans th a t 
there are few er possible w ays of achieving an internally  sta­
ble agreem ent after the exogenous change. A lternatively, if the 
m easure is positive, then  there  is an increase in the num ber of 
possibilities for internally  stable sharing agreem ents.

3. The applied bio-economic model

In this section, w e presen t a m odel th a t serves as the bio- 
econom ic basis for the profits gained from exploiting the resource. 
Consider a bio-econom ic m odel in w hich population  dynam ics are 
described by a discrete tim e-age structured  m odel. This is a stan ­
dard type of cohort m odel. The m otivation for th is type of m odel 
is th a t clim ate changes can have different effects on the different 
cohorts. The num ber of fish in each year-class is determ ined  as 
follows:

N 2. V =  RV y >  y i
Na+i.y+i = N a.ye - m^ f y  a e {2, 3, A -  1} , (5)
JVa, Vl know n a e {2, 3, A}

w here Ry describes recru itm ent into the stock in yeary , m is natural 
m ortality, ƒ  is the to tal fishing m ortality, and Sa is the selectivity 
of the fishing year such th a t if an age class is no t harvested, then  
the selectivity is zero; otherw ise, it is one. W e assum e th a t the 
initial abundance for all age classes in year y  i , N a. Vl, is know n. The 
population  dynam ics are determ ined  by A  -  1 age classes, nam ely
a = {2, 3  A} w here the recruits are 2 years of age before they
en te r the stock, y  i is the initial year for the sim ulation model. The 
biom ass is determ ined  as the to tal num ber of fish m ultiplied by 
the ir stock w eights at age, over all age classes:

A

By = J2sW aNa, y, (6 )

a = 2

w here SW a is the stock w eight at age and By is the biom ass in year 
y. The to tal spaw ning stock biom ass is given by the sum  of m ature 
fish over all age classes:

A

SSBy = J ^ M O a S W aN a . y , (7)
a=2
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w here MOa is the proportion  of m ature fish in age class a and SSBy is 
the spaw ning stock biom ass in yeary . W e assum e a B everton-H olt 
stock-recru itm ent relationship:

cSSB.'v -l
Ry 1 +  bSSB,' y- 1

(8 )

w here c and b are biological recru itm en t param eters, c is the m axi­
m um  num ber of recruits per spaw ner in a low -spaw ning stock size, 
w hile c/b is the m axim um  num ber of recruits w hen  the spaw ning 
stock biom ass is very large.

The catch m easured in num bers of fish for country  i and for a 
specific cohort is given by:

C' -a, y  —
Safi

Ibla +
( N a.y -  N a+i , y+ l ) (9)

w here f ’ is the fishing m ortality  by country i,fy is the to ta l fishing 
m ortality, and Q  v is the catch in num ber of fish by country i during 
year y  of a specific cohort a. The catch function is defined as the 
num ber of fish th a t does no t survive to  the next year and are not 
subject to natural m ortality.

The yield or harvest for a single country is defined by inserting 
the num ber of fish (5) into the catch in term s of num ber of fish (9) 
m ultiplied by the catch w eights at age:

Y< = J ^ C W a N a ,  y
Sali

Ula +  S.jf,
( 10)

w here YJ is the to tal yield in w eight for country  i in yeary .
The to tal cost of harvesting is assum ed to  follow the following 

function:
y r

B y
( 11 )

w here a' is a cost param eter and By is the to tal biom ass in yeary . 
Given the definition of this model, there  is a direct link betw een  
fishing m ortality  and yield; it is therefore appropriate for the 
control variable to  be the yield. Fishing m ortality  w ould then  be 
determ ined  as a residual. The dependen t variable, costs, is defined 
as to tal costs less depreciation, in terest paym ents, and skipper 
wages. The cost function is defined such th a t if the to tal biom ass 
is increased, fish are easier to  locate, and costs therefore decrease; 
the effect of o ther players also exploiting the stock is included in 
changes in the biom ass. The cost function is identical to the func­
tion  applied to  harvesting cod in the N orth Sea for Denmark, Iceland 
and N orway (Arnason et al„ 2000). For an application of the above­
described model, please see Kronbak (2004).

4. Climate change and its effect on cod fish

Access to  the Baltic Sea is shared am ong m em bers of the Euro­
pean Union (EU), including Denmark, Finland, Germany, Sweden, 
Estonia, Latvia, Lithuania and Poland, as well as the Russian Feder­
ation. The Baltic Sea consists of the central Baltic Sea, the Gulf of 
Bothnia, the Gulf of Finland, and the Sound and the Danish Straits; 
see Fig. 1.

The Baltic Sea contains no in ternational w aters, and therefore, 
only a lim ited num ber of nations have access to  the sea. The m ost 
valuable fishery in the Baltic Sea is the cod fishery, w hich is m an­
aged by a bilateral agreem ent be tw een  the Russian Federation 
and the EU. The m ain m anagem ent m easure is the to tal allowable 
catches (TACs). In m ore recent years, Russia has only caught some 
5-8% of all Eastern Baltic Sea cod landing in term s of w eight (ICES, 
2007). W ithin the EU, Denmark, Poland and Sw eden account for the 
largest am ount of landings in w eight (approxim ately 75%) (ICES,
2007). If w e include all cod landings from the Eastern Baltic Sea 
(including the unallocated landings), th en  Denmark, Poland and

B o tn i ali  B a y

B o t n i a n  S e a
G u lf  o f  
Fin  l a n d

30

H e l s i n k iO s l o

S t o c k h o l m
29

G u l f  o f  R i g aI l a

\J  2 8

26 V i l n i u s

Ber l in M in s kW a r s a w

K ievPr)

Fig. 1. Map of the Baltic Sea.
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Sw eden account for around 50% of all landings in w eight. W ithin 
the EU, nations can deviate from the agreed TAC, and therefore, 
th is m odel considers the in ternal stability of the EU agreem ent. 
Thus, th is m odel groups the countries into th ree players, namely, 
D enm ark/Sweden/Germ any, Poland and the rem aining countries.

Thus far, we have been ra ther vague about how  clim ate changes 
precisely influence the recru itm ent and size of fish. According to 
IPCC (2007), particularity  strong w arm ing is projected for high 
latitude areas in the N orthern H em isphere due to  global trends 
involving clim ate change, particularly  in w inter. This is predicted 
to  occur not only over sea bu t even over the Arctic Ocean, w here 
w arm ing can be greatly  am plified by reduced sea ice. Turning to 
the Baltic Area, Graham et al. (2008) reports a ra ther robust finding 
th a t the tem pera tu re  over the Baltic Area is expected to increase 
betw een  0.3 and 0.5 C per decade. Regional differences are also 
present, w ith  the h ighest tem pera tu re  increases in the northeast 
during w in te r and the low est increases in the sou thw est during 
sum m er. Precipitation tends to  increase up to  25% in w inter, while 
in sum m er, this increase is m ore ambiguous, w ith  a likely increase 
in the north  and a sm all decrease in south. Most m odels show  a gen­
eral increase in m ost w esterly  w inds, w ith  the m ean at about 4% by 
the end of the 21 st century. The largest uncertain ties are related to 
the projected changes in runoff (Graham  et al„ 2008, p. 193), but 
no solid conclusions can be draw n given the p resen t models.

Generally, in specific geographical areas, clim ate changes m ight 
have both  negative as well as positive effects on the grow th 
rate or availability of renew able resources such as fish stocks 
or forests. Climate variations are likely to  have an im pact on 
fish stock param eters such as spatial distribution, grow th, m igra­
tion  and recruitm ent. Therefore, in order to  calculate the effect 
of clim ate change on the stability of an agreem ent, we m ust 
calculate how  clim ate change is likely to  affect the biom ass 
of the relevant species. For a constant value of biom ass, the 
result show s how  clim ate change affects the profitability of a 
given agreem ent. Thus, w e m ust transform  the m ultidim ensional 
space of environm ental conditions into a one-dim ensional profit 
function.

In order to  do this, w e define a clim ate change index (¡cc). 
w here /Cc = 100 for exam ple, could indicate the presen t climate 
pressure. This index could also m easure the severity  of the climate 
change as described by the various IPCC scenarios. Climate change 
is expected to influence (and has already influenced) air tem p era­
ture, w ind speed and direction, precipitation and, as a consequence, 
w ate r tem perature , salinity and oxygen. As already noted, we are 
in terested  in how  profitability changes w ith  changes in the cli­
m ate, djr/dlee■ Focusing on environm ental variables, w e note tha t 
djr/dlec = (dB/dT-dT/dlec + dB/dS-dS/dlec + dBldO-dOldICc)-dJTldB.

Here, B is the relevant biom ass, T is the relevant sea w ate r tem ­
perature, S is the salinity, and O the oxygen content. Once this 
relationship is established, we couple th is w ith  our m odel based 
on gam e theory  to calculate the stability (SA) of the agreem ent, e.g. 
the change in the surplus profit. The expected clim ate change in the 
Baltic area affects the recru itm ent and size of cod directly through 
changes in the tem perature , bu t it also indirectly affects the fish 
resource th rough  its effect on salinity and oxygen conten t in the 
w ater.

4.1. Temperature

The average air tem pera tu re  betw een  1994 and 1998 across 
the entire Baltic Sea w as 4.6 C. Obviously, Bothnian Bay, w hich 
is located in the no rthern  area of the Sea, had the low est average 
tem pera tu re  at 0.3 C, w hile the Baltic Sea proper had the highest 
average tem pera tu re  at 7.2 C. Nissling (2004) reports th a t in Baltic 
Sea, egg survival is unaffected in the range of 3 -9  C bu t is signifi­
cantly low er at 11 C. M ackenzie e t al. (1996) estim ate the average

w ater tem pera tu res experienced by cod eggs in the Bornholm basin 
to be 5 .5-6  C. (We note th a t peak egg abundance occurred in the 
1.5-6  C range during 1987-1990.) Moreover, in no circum stance 
have cod eggs been found at tem pera tu res higher th an  9 C during 
1986-1996. However, tem pera tu re  also affects the developm ent 
rate of fish larvae directly and, consequently, the duration  of high 
m ortality  and vulnerable stages decreases w ith  higher tem p era­
tures. Hence, the expected tem pera tu re  increase in the Baltic Sea 
m ight potentially  have a (small) negative im pact on recru itm ent 
as w ell as a (small) positive im pact on grow th rate. M ackenzie et 
al. (2002) sum m arize various findings and conclude th a t although 
tem pera tu re  is a factor th a t influences cod recru itm en t in m any 
o ther areas (see Brander, 2000), its effect on cod in the Baltic Sea is 
probably obscured by the effects of salinity and oxygen.

4.2. Reproductive volume

Salinity and oxygen have direct im pacts on the developm ent of 
the Baltic Sea cod eggs, w hich require a m inim um  salinity (S > 11 %o) 
and oxygen concentration  (c[Û2 ] > 2 mL/L). Below these th re sh ­
olds, the developm ent of cod eggs ceases before they  are hatched 
(Nissling and W estin, 1991). The w ater th a t has the characteristics 
necessary for hatching has been term ed  the “reproductive volum e” 
(RV) for Baltic Sea cod (Jarre-Teichm ann et al„ 2000). That is, the 
RV is the volum e of w ate r suitable for the successful developm ent 
of the early life stages of Baltic cod. Note th a t the RV substantially  
fluctuates due to  natural causes (Jarre-Teichm ann et al„ 2000), and 
so our estim ates m ust be understood  as averages over several years.

4.3. Salinity

The presen t salinity in the Baltic Sea is be tw een  12 and 15% 
according to  M eier et al. (2006). Salinity in the Baltic Sea is highest 
in the sou thw est and low est in northw est; th a t is, we see decreas­
ing salinity from w est to  east and from south  to  north. According to 
Graham et al. (2008), Baltic Sea salinity is controlled by river runoff, 
net p recip itation  and w ater exchange w ith  the N orth Sea. Overall, 
the  general prediction is th a t salinity is likely to fall. Climate change 
will change salinity in the Baltic Sea betw een  +4 and up to -45%  by 
the end of the 21st century, and m ost likely, there  will be a signif­
icant reduction  in salinity. The m ain reason being increased fresh 
w ater inflow and increased m ean w ind speed. However, although 
salinity in the entire Baltic Sea is expected to  be significantly lower, 
the level of halocline is still expected to rem ain, w hich m eans th a t 
the upper and low er layers of the Baltic Sea will rem ain separated  
(Graham  et al„ 2008, p. 200). M ost im portantly  for our analysis, 
the  expected reduction  in salinity on average reduces the RV in the 
Baltic Sea.

4.4. Oxygen

A certain concentration  of oxygen is necessary for recruitm ent. 
As already stated, eggs require an oxygen conten t of at least 2 mL/L; 
otherw ise, they  sim ply die. Oxygen conten t is directly affected by 
changes in wind, the inflow of w aters from  the N orth Sea and tem ­
perature. This is due to increased levels of the oxygen-consum ing 
dem ineralization of organic m aterials, bu t it is also because increas­
ing w ater tem pera tu re  reduces oxygen resolution  (Röckmann et al.,
2008).

Ambiguous results are found regarding changes in oxygen con­
ten t. According to  V erm aat and Bouwer (2009), foreseen climate 
change will fu rther reduce ice extent, enhance w ind mixing and 
increase oxygen availability at the deep sed im en t-w a te r in te r­
face. However, oxygen concentration  is m ore likely to  decrease 
in w arm er th an  in cold w aters no t only due to  the increased 
oxygen-consum ing dem ineralization of organic m aterials bu t also
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A (size)

A(S tab ility  o f  coopera tive  agreem ent)

A (G ain to g r a n d  coalition)
A (Sum  o f  g a in  to free -r id ers )

Note: The picture is a modification from Rocssig et ai. (2005). A indicates a change.

Fig. 2. Schematic picture of how climate change affects the stability measure.

because increasing w ate r tem pera tu re  reduces oxygen solubility 
(Röckmann et al., 2008).

Therefore, w e abstain from m aking assum ptions regarding the 
effects of expected changes in tem pera tu re  on the num ber and size 
of cod in the Baltic Sea. Rather, we discard these effects as well 
as effects from poten tia l changes in conditions affecting the oxy­
gen content, thereby  focusing exclusively on salinity and oxygen 
content.

4.5. The relationship between climate change and other variables

In a m ulti-species context, an increase in w ater tem pera tu re  
favours the reproductive capacity of sprat; i.e., sp rat reproductive 
success increases, w hich m ay be unfavourable for cod due to  the 
potential increase in the predatory  behaviour of adu lt sprat in the 
early life stages of cod (Röckmann et al., 2008). In addition, these 
exogenous changes are likely to  change the entire com position 
of the ecosystem , including the fishery food-chain. Though these 
o ther exogenous effects are im portan t and relevant for fisheries, 
for illustrative purposes, w e have lim ited our analysis to  consider 
changes in the recru itm en t of cod due to changes in salinity.

Rather, w e exclusively focus on recruitm ent; a schem atic 
overview  of effects is show n in Fig. 2. The broken arrow s show 
w here m ajor uncertain ties exit for the Baltic Sea. W e include 
som e biological param eters only in order to  provide som e first- 
order results regarding how  sim ulated fishing agreem ents m ight 
be affected by clim ate change. N evertheless, the m odel should be 
expanded w ith, for instance, future clim ate trajectories if these 
results are to be used as basis for m anagerial advice.

Let us now  describe the causal link betw een  changes in the cli­
m ate and change in the stability of agreem ents in m ore detail. As 
noted  above, w e exclusively focus on changes in the salinity, and 
hence, the overall chain of cause and effect can be expressed as:

A Icc AS A RV A B ->■ A n  A stability

years, a m edium -change scenario w ith  a 12.5% reduction  in salin­
ity over 50 years, and finally, a high-change scenario w ith  a 23.5% 
reduction  in salinity over 50 years. As is often the case w ith  IPCC, 
no probability estim ates of the relative likelihood of these three 
scenarios are provided. The estim ates fall w ell w ith in  the figures 
provided by M eier et al. (2006), if w e assum e, as like Röckmann et 
al. (2008), th a t salinity decreases linearly over the century.

4.7. Modelling the link A  A  RV

According to Röckmann e t al. (2008), m ore than  50% of the 
variance in reproduction  can be explained by changes in salinity 
concentration. However, they  do no t include the expected changes 
in oxygen concentration  due to a lack of know ledge at p resen t of 
the deep basin dynam ics of oxygen, w hich follows our assum p­
tion. Röckmann et al. (2008), m oreover, perform  a sim ple linear 
regression to establish the link betw een  salinity and RV, w hich is 
presen ted  in a reduced form here:

RV25(S) =  -5 0 4  +  56.6 • S 

RV26(S) = -1 0 2 9  +  105.2 -S 

RV2S(S) = -5 3 3  +  53 .6- S

S is m easured in %<> and the superscrip ts indicate area (see Fig. 1). 
In case th a t RV is negative, it is set to  zero.

W e use this inform ation to  calculate how  the RV is affected 
by clim ate change. In Table 1, w e presen t the factor (RVnew/RV), 
th rough  w hich the RV is reduced for different salinity levels, includ­
ing the highest and low est value for the th ree areas across the three 
clim ate scenarios. W e presen t these changes for different initial val­
ues of salinity betw een  12 and 15%o to  represen t cu rren t values. The 
effect of changes in salinity on reduction  in the RV depends m ore 
on type of clim ate scenario and less on the initial salinity level.

4.6. Modelling the link A I c c ^  A S

The change in salinity is dependen t on num erous climatic fac­
tors, bu t Röckmann et al. (2008) consider th ree scenarios based on 
different clim ate scenarios from the IPCC reports. (See Röckmann 
et al. (2008) for a thorough  description of these scenarios.) There 
is a low -effect scenario, w ith  a reduction  of 3.5% in salinity over 50

4.8. Modelling the link A R V ->■ ABM

The m ost critical link involves calculating the effect of changes in 
environm ental variables on changes in biological variables. Our first 
assum ption is th a t clim ate change in the Baltic area only affects the 
recru itm en t th rough  its effect on the RV. Second, w e m ust consider 
th a t fish m ight m igrate in response to  changes in salinity, tem p er­
ature and oxygen variables. Fish m ight m igrate from unfavourable

Table 1
Changes in the reproductive volume.

%o S = 12 S= 13 S= 14 S= 15

Low change 0.61-0.86 0.73-0.89 0.79-0.90 0.82-0.91
Medium change 0.09-0.52 0.35-0.60 0.48-0.66 0.56-0.69
High change 0.00-0.09 0.00-0.25 0.10-0.35 0.23-0.42

Note: The lower values in the table correspond to area 28 and the higher values correspond to  area 25.
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Table 2
The impact of climate change on the recruitment parameter.

Climate scenario (A/cc) Value o f  the c parameter

Low change 0.9
Medium change 0.6
High change 0.3

areas to  m ore favourable areas w ith  respect to  hydrological condi­
tions in term s of tem perature , salinity and oxygen. Since the salinity 
con ten t is larger in area 25, fish m ight m igrate to  th is area, as salin­
ity contents becom e lower. According to  Röckmann et al. (2008), 
spaw ning m igration from area 28 into areas 25 and 26 and from 
area 26 into area 25 can be expected due to  relatively b e tte r hydro- 
logical condition. However, according to  Röckmann et al. (2008), 
an analysis of spaw ning m igration due to environm ental factors 
has not been undertaken  for cod in Baltic Sea. N either has there 
been any system atic analysis of egg and larval drift. To take this 
into account, we use the change in the RV in area 25 as the basis 
for the reduction  in recruitm ent. Our scenario estim ates the con­
sequences of a reduction  in the m axim um  recruits per spaw ner, 
c, using the B everton-H olt stock-recru itm ent function. Initially, 
param eter c is estim ated to  be close to  one, bu t w e have no esti­
m ates of how  large the reduction  in the recru itm en t w ill be due to 
clim ate change. Therefore, w e include small, m oderate and large 
decreases in the recru itm ent param eter in this scenario to corre­
spond to  low, m edium  and high changes in Table 1. Table 2 below  
sum m arizes the average change in c based on the reduction  in the 
RV in area 25 calculated based on Table 1.

5. The scenarios and the simulations

W e assum e th a t the price of fish per w eight, p, is constant 
regardless the size of the fish, w hich is a com m on assum ption  in 
the literature. Furtherm ore, we focus only on changes in salinity 
th a t affect recruitm ent.

The basic scenario is a sim ulation w ithou t a clim ate com ponent. 
It corresponds to the scenario reported  in Kronbak and Lindroos 
(2007) and is applied as a baseline case for com parison w ith  o ther 
scenarios. Kronbak (2004) show s th a t this is a stand-alone stable 
pre-clim ate change scenario.

The salinity reduction scenario describes a scenario in w hich cli­
m ate change only affects recru itm en t (i.e., the  fish size is constant). 
As long as recru itm ent reduces biom ass, the costs per fish caught 
will increase, since costs are defined inversely as dependen t on 
biom ass. Even if a re-optim ization  is likely to  occur, the to tal effect 
is a decrease in profit, although it m ight be reduced by changing 
the size of catch.

The basic scenario applies param eter values sim ilar to  those 
provided in Kronbak (2004). See the appendix  for specific param ­
ete r values. As already noted, w e sim ulate the consequences of a 
reduction  in c of 0.9, 0.6 and 0.3.

The uncerta in ty  of regarding the possibilities of stable agree­
m ents if clim ate changes affect fish stock by decreasing recru itm ent 
is captured by sim ulating the scenarios. W e estim ate excess profit 
as com pared to  the free-rider value to  determ ine how  the set of 
stand-alone stable solutions changes in these scenarios. This is done 
by first sim ulating the net p resen t value of future profits using Eq. 
(2 ) for the grand coalition and the free-riders, respectively, by keep­
ing in m ind th a t players chose the fishing m ortality  th a t re tu rn  the 
m axim um  net p resen t value of the ir future profits given the coali­
tion  form ation, as described in Section 2. The results from these 
estim ations are sum m arized in Table 3.

Excess profits can be illustrated  graphically using a player 
1 -p lay er 2 diagram ; see Fig. 3. On the axes are the ne t p resen t values 
to  player 1 and player 2. The line FR1 dem onstrates the m inim um

Table 3
The net present value o f profits from the grand coalition and the singletons in the 
basic scenario.

Coalition/player Net present value o f future
profits over 50 year in IO8 Dkr

Grand coalition 747.14
Player 1 free-riding on grand coalition 284.70
Player 2 free-riding on grand coalition 210.28
Player 3 free-riding on grand coalition 284.70

Note: Free-riding does not always lead to the same bio-economic break-even return, 
as changes implying larger asymmetries in the harvesting cost functions and/or 
different rates o f time preferences among the players w ill alter the results. 
Numbers are subject to rounding. 100 Dkr corresponds to app. 13 Euro or app. 17 
USD (February 2009).

value player 1 m ust achieve to  deter this player from free-riding 
on the grand coalition. This corresponds to  player l ’s th rea t point. 
Similarly, FR2 corresponds to player 2’s th rea t point. FR3 illustrates 
the m axim um  net p resen t value left to player 1 and player 2 to  deter 
player 3 from free-riding. This is thus the net presen t value of future 
profits to the grand coalition m inus the value of player 3’s th rea t 
point.

The shaded triangle in Fig. 3 indicates the set in w hich there  is 
an excess profit, th a t is, the  set of possible sharing im putations th a t 
are stand-alone stable. It is not always the case th a t such a set exits 
(Duarte et al„ 2000). By m easuring the change in the size of this 
area, w e have an indication of w hether a stand-alone stable grand 
coalition is m ore or less likely.

To form ally determ ine the size of the excess profit, Eq. (3) is 
applied. This corresponds to  the net p resen t value of future profits 
from full cooperation m inus the sum  of net p resen t values from 
free-riding. These estim ates are sum m arized in the th ird  colum n 
in Table 4. Finally, the change in excess profit is determ ined  by 
com paring excess profits for each scenario sum m arized in the th ird  
colum n in Table 4 to  excess profits in the basic scenario. This cor­
responds to  applying Eq. (4); these estim ates are sum m arized in 
colum n 4 in Table 4.

The lesson to  be learned from this sim ulation is th a t in the sim ­
ulated  scenarios, there  exists a stand-alone stable grand coalition 
seen as positive by the num bers in colum n th ree in Table 4. The 
reason for this is th a t stock externality  is strong enough to deter 
free-riding in the context of a jo in t solution. Furtherm ore, it can 
be seen th a t the set of stable sharing im putations decreases if the 
value of the stock decreases, w hich is illustrated  by a decrease in 
the m axim um  recruits per spaw ner param eter, c. A decrease in this 
param eter im plies th a t the value of the stock decreases. In our sim ­
ulation, there is a sm aller set of stable sharing im putations; if the 
value of the stock is decreased, the fourth colum n in Table 4 is neg­
ative. The particular size of the num bers in Table 4 is no t essential
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Fig. 3. The set o f possible stand-alone stable sharing imputations in the basic sce­
nario.
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Table 4
Results from estimations for different scenarios.

Excess profit from full cooperation as 
compared to free-riding (Eq. (3)) (IO9 Dkr)

Change in excess profit as compared t< 
the basic scenario (Eq. (4)) (IO9 Dkr)

Basic scenario 5.00 -

Salinity reduction scenarios Decrease in recruitment (c=0.9) 4.79 -0 .2 2
Decrease in recruitment (c=0.6) 3.41 -1 .5 9
Decrease in recruitment (c=0.3) 1.89 -3 .1 2

Note: Numbers were subject to rounding. 100 Dkr corresponds to app. 13 Euro or app. 17 USD (February 2009).

for our conclusions, as we are m erely in terested  in the signs of the 
num bers and the ir relative size.

6. Discussion and implications

Climate changes have an effect on the ecological conditions 
for m arine species, w hich in tu rn  change the pre-conditions upon 
w hich fisheries agreem ents are based. This paper in troduces some 
of the uncertain ties related  to  a species like the Baltic Sea cod a 
w hen  clim atic changes occur. It form alizes the uncertain ty  into an 
illustrative scenario, namely, a salinity reduction  scenario resu lt­
ing in a decrease in the m axim um  num ber of recruits per spaw ner. 
The biological fram ew ork underlying th is scenario is only in tended 
to  provide som e first-order results in order to provide general 
sta tem en ts regarding the m anagem ent consequences of climate 
changes. W ithin  this scenario, the set of stable jo in t solutions, as 
com pared to  the basic scenario w ithou t clim ate changes, is esti­
m ated. A m easure for the set of internally  stable agreem ents is 
defined for Baltic Sea cod fisheries, though  w e nevertheless find it 
appropriate to draw  som e general lessons from  it. One finding from 
our case is th a t clim ate changes increase scientific uncerta in ty  and, 
consequently, the agreem ent settings on w hich m anagem ent rely. 
This highlights the need for b e tte r inform ation and /or the need for 
a flexible m anagem ent system  th a t can cope w ith  shifting envi­
ronm ents. W e develop a m ethod  to m easure the robustness of the 
results w ith  respect to  the values of param eters th a t are affected 
by tem pera tu re  changes and show  th a t based on th is case, the size 
of the biom ass changes the prem ises for stable cooperative agree­
m ents. W e find th a t our particular case carries lessons for shared 
fisheries in w hich the clim ate is slowly changing the environm ental 
conditions for fish stocks.

As w ith  m ost analyses based on game theory, this paper ignores 
transaction  costs (i.e., negotiation, m onitoring, and enforcem ent 
costs) and how  those costs m ight be affected by uncertain ty . How­
ever, our paper considers changes in the excess surplus so tha t 
under the assum ption of identical or sim ilarly sized transaction  
costs, these costs cancel out.

Several papers have used  case studies to  conclude th a t climate 
changes and clim ate variability im ply a destabilization of in te r­
national fisheries agreem ents, typically due to m ovem ents in fish 
stocks. Our study takes a different stance, since it concentrates on 
changes in the abundance and size of fish stocks as a response to 
clim ate changes. One m ain finding is th a t w hen  the value of the 
stock changes, the size of the set of stable agreem ents changes in 
the sam e direction. That is, if clim ate changes increase the resource

rent, th en  there  is a larger set of stand-alone stable agreem ents, 
im plying th a t stable agreem ents are m ore likely. In contrast, if 
the  value of the biom ass decreases, there  is a sm aller set of stable 
agreem ents. These conclusions are subject to  uncertain ties about 
actual clim ate changes and o ther related  consequences regarding 
recru itm ents and changes in stock size. In general, w hen a stock 
ex ternality  is present, a decrease in the resource ren t im plies th a t 
the consequences of free-riding becom e less serious, thereby  p ro ­
viding few er possibilities for a stable solution. Generally speaking, 
this im plies th a t clim ate changes th a t have a negative effect on the 
resource ren t m ake jo in t solutions less likely.

Our paper considers only clim ate changes th a t affect the salin­
ity of the sea. Climate changes also im ply changes in tem perature , 
w ind speed and direction, few er periods of ice coverage and 
differences in oxygen concentrations. A reduction  in oxygen con­
centration  m ay result in fish m igrating to  m ore oxygen-rich areas, 
thereby  changing the entire ecosystem . This can lead to  a concen­
tra tion  of fish in certain  areas, w hich can even increase the catch 
per un it of effort, even if biom ass is reduced. Such a scenario could 
have negative effects due to  both  reduced oxygen concentration 
and short-term  increased fishing m ortality. Longer th an  that, the 
low  oxygen will suppress recru itm en t by the spaw ners w hich did 
not get caught by the increasingly effective fishery. As a result the 
biom ass w ill decline very fast—due to  both  the effect on recru it­
m en t and the increasing effectiveness of the fishery. The effect of 
changes in oxygen and tem pera tu re  on the m anagem ent and sta­
bility of jo in t action is an area for fu rther research  th a t requires a 
m odel th a t includes a spatial relationship.

Appendix A. Applied parameter values & basic scenario

The basic scenario applies param eter values sim ilar to  those 
provided in Kronbak (2004).

Table A.1
Biological parameter values used in this study.

Parameter Value

Mortality parameter
m 2,3,...,8 0.2

Stock-recruitment (B-H) parameters
c 0.9814216
b 0.000002340

Age classes in stock
A 8

Source: Kronbak (2004).

Table A.2
Initial biological values.

Age 2 Age 3 Age 4 Age 5 Age 6 Age 7 Age 8+

MO 0.14 0.32 0.84 0.94 0.98 0.96 1
SW 0.244 0.548 1.230 1.595 2.963 4.624 5.417
CW 0.662 0.773 1.127 1.448 2.337 3.485 4.647
No 13,6493 71,852 37,621 15,421 4332 2026 1452

Abbreviations: MO, proportion mature at the start o f the year; SW, mean w eight in stock (kg); CW, mean weight in catch (kg); No, initial abundance (thousands). 
Source: Kronbak (2004).
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Table A.3
Economic parameter values.

Parameter Value

First fishing age, a-i 3
Selectivity S2 0
Selectivity S3(...( s 1
Cost parameter, country 1 : a 1 9 Dkr/kg
Cost parameter, country 2: a 2 14Dkr/kg
Cost parameter, country 3: a 3 15 Dkr/kg
Discount rate, r 2%
Price, p 10.74 Dkr/kg
Max. fishing m o r ta lity ,/^ 0.35
Max. fishing m o r ta lity ,/^ , i = 2 ,3 0.3

Source: Kronbak (2004).

Tables A.1-A.3.
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