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1 Introduction

The overexploitation of marine fish stocks is a major problem of world-wide im-
portance. Many fish species, particularly those which are on the top of the food
chain, are under serious threat of extinction (Pauly et al. 1998). Overfishing thus
is also a threat for biodiversity conservation (Millennium Ecosystem Assessment
2005).

There are numerous contributions to the literature in environmental economics
that try to estimate economic values for the usually non-marketed public good
biodiversity (e.g., Ninan 2007, Markussen et al. 2005). The purpose of these efforts
is to attach an economic value to biodiversity in order to generate incentives for
biodiversity conservation.

In the case of fish, biodiversity has a clear and direct value: many consumers
like to consume food fish of different species. A prominent example for this type
of preferences is the Japanese sushi: it is traditionally prepared with a clearly
defined set of different species of fish. The aim of the present paper is to include
these preferences for diversity in a multi-species fishery model and to study how
preferences for diversity affect (i) the outcome of the open access fishery, (ii) the
Pareto-optimal dynamic fishing strategy and (iii) the policy implications.

For this sake, we model the consumers’ preferences for food fish in form of a
‘love-of variety’ effect (Dixit and Stiglitz 1977): the utility derived from consuming
fish is higher, the more species of fish are consumed in a more equal quantity. In
particular we compare the cases that the different species are close, but imperfect,
substitutes, and that the different species are complements. We describe the dy-
namics of the fish stocks in a very simple way by abstracting from any ecological
interactions between the different stocks. This allows us to focus on the economic
interactions leading to interdependent harvest quantities of the different species
even without of ecological complexity. The recent literature on fishery ecology
has developed several multispecies models of fisheries that include such biologi-
cal interactions between different species of fish (e.g., Lande et al. 2003, Quinn
and Deriso 1999). However, there is no thorough analysis of how preferences for
diversity affect the fishery in the growing literature on multispecies fisheries.

Studying both the long-run equilibria and the transitional dynamics of an open-
access fishery we conclude that better substitutes generally lead to a more sustain-
able outcome. In other words, these results imply that stronger preferences for
diversity lead to a less sustainable outcome in the open access regime. Under the
optimal fishing regime it may in the contrary be the case that the more endangered
species should be harvested less. Thus, the need for regulation may be higher the
more complementary the different species of fish are in order to attain a sustainable
outcome.

We show that even without biological interactions the optimal landing fees
for the different stocks of fish are interdependent. This interaction results in the
need to levy substantial landing fees also on fish species with a stock that is still
relatively high if this species is a substitute for an endangered species. If, on the
other hand, the different species are complements, the fees should be targeted in
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a more direct way to the endangered species.
The paper is structured as follows: Section 2 describes the model including an

arbitrary number of species of edible fish. In the analysis we concentrate on the
case of just two species, because this facilitates the derivation and presentation
of results. It is clear how the results generalize to a larger number of species. In
Section 3 we study the equilibrium and the dynamics of the open access fishery.
Section 4 presents the conditions for the Pareto optimal fishing policy, both in the
steady state and the transition dynamics. The final section concludes.

2 The Model

The model is set up for an arbitrary number s of fish species, labeled i = 1, . . . , n.
To keep the analysis tractable, we will confine ourselves to the case of just two
species. An extension of most results to the case of more than two species is
straightforward.

The stock of species i is described by a simple equation of motion for its
biomass xi

ẋi = gi(xi)− ni hi = ρi xi

[
1− xi

κi

]
− ni hi, (1)

where ρi is the intrinsic growth rate and κi is the carrying capacity of species i.
The strong simplifying assumption here is that there is no ecological interaction
between species: The growth rate of species i depends only on its own stock and on
the harvest of species i. Total harvest of species i is ni hi, where ni is the number
of vessels and hi is the harvest per vessel.

Harvest per vessel is determined by fishing effort ei directed at catching species i
and the stock xi. It is described by the generalized Gordon-Schaefer production
function (cf. e.g. Clark 1991)

hi = hi(xi, ei) = xi e
η
i , (2)

where we assume positive but decreasing returns to effort ei, i.e. 0 < η < 1. Effort
is measured in units of labor. In addition to the variable costs due to fishing
effort, fishing also has fixed costs for operating a vessel. We assume that operating
a vessel needs φ units of a numeraire commodity in each period of time, which are
the same for all types of vessels, independently of which species is caught.

There is a mass of households equal to one. All households are identical.
They inelastically supply one unit of labor each so that total labor force is unity.
Rather than being employed in the fishery sector, workers can produce a numeraire
commodity with a constant returns to scale technology where each unit of labor
produces ζ > 0 units of output. This implies that the wage rate equals ζ. Given
the effort levels to catch each species of fish, output in the numeraire sector which
is remaining for consumption is

y = ζ

(
1−

∑
i

ni ei

)
−
∑
i

ni φ. (3)
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Consumer preferences are described by the utility function

u(v, y) = y + α ln v, (4)

where y is the consumption of a numeraire commodity and v is the consumption
of fish. Consumption of fish is composed of different species, i.e.

v = v(q1, . . . , qn) =

[∑
i

q
σ−1
σ

i

] σ
σ−1

, (5)

where qi is the quantity of species i consumed. The parameter σ measures the
elasticity of substitution in consumption of two different species. Different species
are considered to be substitutes if the elasticity of substitution exceeds unity, σ > 1,
and complements if the elasticity of substitution is smaller than one, σ < 1. Hence,
σ > 1 corresponds to a consumer of fish fingers, while σ < 1 describes a consumer
of sushi which has to consist of certain different varieties of fish. The limiting case
σ = 1, corresponds to a Cobb-Douglas utility function v(q1, . . . , qn) =

∏
i q

1/s
i .

As a slightly different interpretation, a higher σ may be regarded as a stronger
preference for (bio-)diversity, since it is more important for the consumer that all
species are equally represented in the consumption bundle.

3 Open access

The question we pose in this section is how consumers’ preferences for diversity,
measured by the elasticity of substitution σ, affect the outcome of a competitive
fishery under the institutional setting of open access.

Given the quasi-linear utility function (4), the representative household’s utility
maximization problem can be formulated as follows.

max
{qi}

{
ασ

σ − 1
ln

[∑
i

q
σ−1
σ

i

]
+ ζ −

∑
i

pi qi

}
, (6)

where ζ equals the wage rate, and pi is the price for one kilo of fish of species i.
The first-order conditions for this problem lead to the inverse demand functions

pi = α v−
σ−1
σ q

− 1
σ

i for all i. (7)

The inverse demand function is declining in the consumption of species i. It is also
declining in the consumption of all other species of fish, if these are substitutes
(σ > 1). If, on the other hand, the different species are complements (σ < 1), the
inverse demand increases in the consumption of other species.

With little rearrangement (see Appendix A), we derive the demand function

qi = α p−σi

[∑
i

p1−σ
i

]−1

, (8)
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which is decreasing in the price pi of the species under consideration and increasing
in the prices of the other species if they are substitutes, σ > 1, or decreasing if
they are complements, σ < 1.

A fisherman who fishes for species i maximizes profit by choosing the effort
level ei, taking the wage rate ζ and output price pi as given,

max
ei

pi xi e
η
i − ζ ei − φ. (9)

The first-order condition determines the optimal effort level

ei =

[
pi η xi
ζ

] 1
1−η

(10)

and the harvest of each vessel, which is

hi = xi e
η
i =

[
pi η

ζ

] η
1−η

x
1

1−η
i . (11)

The harvest per vessel increases with the output price, pi, and decreases with the
wage rate ζ, as this increases the costs of fishing effort. The harvest increases also
with the stock xi of fish, because this decreases fishing costs.

When there are ni vessels fishing for species i, total harvest is ni hi. Equating
supply and demand (8), we get that total harvest of each species is equal to demand

ni hi = α p−σi

[∑
i

p1−σ
i

]−1

. (12)

As long as profits are positive new vessels will enter the business. In equilibrium,
profits are vanish, i.e., for each vessel we have pi hi − w ei − φ = 0. Using the
profit-maximizing effort level (10) and the profit-maximizing harvest per vessel,
(11) in this condition, we derive the equilibrium price of fish,

pi =
φ1−η ζη

(1− η)1−η ηη
x−1
i = Φ−1 x−1

i , (13)

where we defined the parameter cluster Φ = (1−η)1−η ηη
φ1−η ζη

to simplify notation. Plug-

ging this result into (10), we find that effort per vessel is independent of the stock
of fish,

ei =

[
φ1−η ζη

(1− η)1−η ηη
x−1
i

η xi
ζ

] 1
1−η

=
η φ

(1− η) ζ
. (14)

It increases with the fixed costs φ and decreases with the wage rate ζ. It also
increases with the output elasticity of fishing effort, η.
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Using (13) in (12) we obtain the total catch as a function of the stocks

ni hi = α

[∑
j

p1−σ
j

]−1

p−σi = αΦ
xσi∑

j

xσ−1
j

. (15)

This equation relates the total catch of species i to the stocks of the different
species. It is only in the case of a Cobb-Douglas utility function, i.e. σ = 1 that
harvest of one species is independent of the stock of all other species.

If the species are perfect substitutes (σ →∞), only the species with the highest
stock will be harvested. Total harvest of this species is αΦ. It can be easily verified
that total harvest of all other species is zero.

If the species are perfect complements (σ → 0), an equal quantity of all species

will be harvested: ni hi = αΦ
[∑

j x
−1
j

]−1

for all i.

To simplify the analysis, we will consider just two species of fish in the following.
In this case, we can easily derive the comparative statics of total harvest ni hi with
respect to the elasticity of substitution σ:

d n1 h1

dσ
= αΦxσ1 x

σ−1
2

lnx1 − lnx2[
xσ−1

1 + xσ−1
2

]2 (16)

d n2 h2

dσ
= − αΦxσ−1

1 xσ2
lnx1 − lnx2[
xσ−1

1 + xσ−1
2

]2 (17)

Let, without loss of generality, the stock of species 1 be larger than the stock of
species 2, i.e. x1 > x2. Then, the harvest of species 1 will increase and the harvest
of species 2 will decrease with the elasticity of substitution σ:

Proposition 1 (better substitutes are more sustainable)

The better substitutes in consumption the species are,

1. the more will be harvested of the species with the largest stock.

2. the less will be harvested of the species with the smallest stock.

The intuition for this result is as follows: The better substitutes the species
are, the more elastic is the demand with respect to a price difference. Thus, the
better substitutes the species are the more will be consumed of the cheaper fish
and the less will be consumed of the more expensive fish. Because the price at
which fish is supplied on the market is lower for the species with the larger stock,
more will be consumed of the fish with the larger stock and less of the fish with
the smaller stock.

If we assume that a smaller stock means that the species is more endangered,
Proposition 1 implies that the harvest of the most endangered species is smaller the
better substitutes the species are. In this sense, a higher elasticity of substitution
between different species of fish leads to a more sustainable fishery management in
the open access regime. That is, weaker preferences for the diversity of food fish
contribute to the protection of biodiversity.

6



Total catch, as determined by (15), together with the equations of motion
for the fish stocks (1) determine the dynamics of the open access fishery. The
equilibrium is reached when total catch of each species equals the net reproduction
of this species, i.e. ni hi = gi(xi).

Using expression (15) for the total harvest of species i in the equation of mo-
tion for the fish stocks (1), we obtain the following system of equations for the
equilibrium fish stocks in the two-species case

ρ1 x1

[
1− x1

κ1

]
= αΦ

xσ1
xσ−1

1 + xσ−1
2

(18)

ρ2 x2

[
1− x2

κ2

]
= αΦ

xσ2
xσ−1

1 + xσ−1
2

. (19)

Rearranging these equations, we obtain

x?2(x1) = x1

[
αΦκ1

ρ1 [κ1 − x1]
− 1

] 1
σ−1

(20)

x?1(x2) = x2

[
αΦκ2

ρ2 [κ2 − x2]
− 1

] 1
σ−1

. (21)

Plugging the first equation into the second equation, we find that the open access
equilibrium is determined by the fixed point equation x1 = x?1(x

?
2(x1)).

Proposition 2

In the case of substitutes, σ > 1, but independently of the exact value of σ, a

globally stable open access equilibrium exists with strictly positive stocks of both

species, x?1 > 0 and x?2 > 0, if ρ1 + ρ2 > αΦ.

In the case of complements, σ < 1, but independently of the exact value of σ, a

globally stable equilibrium with strictly positive stocks of both species, x?1 > 0 and

x?2 > 0, exists only if min{ρ1, ρ2} > αΦ.

Proposition 2 shows that there is a fundamental difference between substitutes
and complements with regard to the dynamic behavior of the open access fishery.

In the case of substitutes, if the intrinsic growth rates of the two fish species are
very low, ρ1 +ρ2 < αΦ, the open access outcome is extinction of both species. For
substitutes already moderately large intrinsic growth rates suffice to reach a stable
open access equilibrium where no species goes extinct. Moreover, it is sufficient
that the aggregate growth rate of both species is large enough. In other words, if
there is just one species with a sufficiently large intrinsic growth rate, neither of
the species will be fished to extinction.

The case of complements is different. Both species need to have a sufficiently
large intrinsic growth rate in order to guarantee that neither of the species will be
fished to extinction.

To investigate numerically the transition dynamics to the open access equilib-
rium, we started a numerical computation for a given set of parameters for given
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Figure 1: The phase diagrams for the case of substitutes (σ = 2) and two different

intrinsic growth rates: ρ1 = ρ2 = 0.5 on the left hand side and ρ1 = ρ2 = 0.25

on the right hand side. The other parameters are α = 0.6, Φ = 1 and κ1 = κ2 =

1. The initial values are (x1, x2) = (0.05, 0.5) and (x1, x2) = (0.95, 0.5) in both

pictures.

initial stocks of both species and computed the equations of motion (1) recursively
using the expression (15) for the aggregate harvest in the open access regime.

In Figure 1, the two equilibrium curves x?2(x1) and x?1(x2) are plotted for sub-
stitutes (σ = 2) and for two different values of the intrinsic growth rates. For the
sake of clarity, we have assumed that both species have the an identical ecological
dynamics, i.e. ρ1 = ρ2 and κ1 = κ2. The figure shows the stock of species 1 in
equilibrium as a function of the stock of species 2, i.e. x?1(x2) (green curve) and the
stock of species 2 in equilibrium as a function of the stock of species 1, i.e. x?2(x1)
(red curve). At the intersection between these two curves there is an open access
equilibrium. In the picture on the left hand side of Figure 1 such an equilibrium
exists at strictly positive values of x1 and x2, because the intrinsic growth rates
of both species are sufficiently high. This is different in the picture on the right
hand side of Figure 1. Here, we assumed low intrinsic growth rates, leading to the
extinction of both species under open access fishery (cf. Proposition 2).

Each of the two pictures in Figure 1 shows two dynamic paths, one starting
with a low initial stock of species 2 (blue line) and the other one starting with a
high initial stock (magenta line), while the stock of species 1 is the same in both
cases.

For comparatively high intrinsic growth rates of the fish stock (Figure 1, left) a
unique and stable equilibrium exists in which both species have a strictly positive
stock (cf. Proposition 2). Interestingly, the stock of fish species 1 changes in a
non-monotonic way for the two time paths shown. With a low initial stock of
species 2, species 1 which has a higher initial stock is first put under strong fishing
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pressure and later on the harvest is decreased until the stock has recovered to the
equilibrium value. If the initial stock of species 2 is substantially larger than the
initial stock of species 1, species 2 is fished more strongly initially and the stock of
species 1 can recover. Finally, both stocks decline towards their equilibrium levels.

For very low intrinsic growth rates (Figure 1, right), extinction of both species
is the only stable equilibrium. independently of whether the stock of species 2 is
large or small initially, both trajectories end up at zero stocks of both species. An
interesting feature of the time path with a low initial value of species 2 is that its
stock will increase for a while, until it is fished to extinction. The reason is that
with substitutes the species with the higher stock is under strong fishing pressure
while the species with a small stock is too costly to be harvested.

In Figure 2, the corresponding results for the case of complements (σ = 0.5)
are shown. As in the case of complements it is also possible that instable equilibria
occur, we show four graphs here. For very high intrinsic growth rate of the two fish
species, a globally stable equilibrium exists with strictly positive stocks of both
species (cf. Proposition 2). In this case the growth rates are so high that even
species 2 with a very small initial stock recovers, although it does not increase as
quickly as species 1 with the higher initial stock (blue curve in the top left graph
of Figure 2).

If the intrinsic growth rates are a bit lower, but still high, a locally stable
equilibrium exists with positive stocks of both species (the graph on the top right of
Figure 2). In addition to this stable equilibrium, two saddle point-stable equilibria
exist. Whether one of the species is fished to extinction crucially depends on
the initial conditions. If they lie inside the domain of attraction of the stable
equilibrium both species will survive in the long run (magenta and cyan curve).
If the initial conditions lie outside the domain of attraction, one species will go
extinct while the other reaches its natural carrying capacity: because both species
are complements, fishing will discontinue once one species is extinct (blue curve).
Note that the ecological parameters in this figure are identical to those in the left
graph of Figure 1: with the same intrinsic growth rates, both species will survive
in an open access fishery if the species are substitutes, but one species may be
fished to extinction in the case of complements.

For still lower intrinsic growth rates, a saddle point-stable equilibrium exists
(graph on the bottom left of Figure 2. But for almost all combinations of initial
stocks, ultimately one species will be fished to extinction. The only exception are
those initial stocks that exactly lie on the saddle-path.

If the intrinsic growth rates are very low, no equilibrium with positive stocks
of the species exists. For any initial stocks, one of the species will be fished to
extinction under the open access regime. For the case of substitutes lower growth
rates enable the survival of both fish species than in the case of complements.
However, if the growth rates are very low, both species will be fished to extinction,
while in the case of substitutes one species will survive: it is of no economic use if
the complement has been extincted. Thus, it is not fished anymore.
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Figure 2: The phase diagrams for the case of complements (σ = 0.5) and four

different intrinsic growth rates: ρ1 = ρ2 = 0.6 (top left), ρ1 = ρ2 = 0.5 (top

right), ρ1 = ρ2 = 0.4 (bottom left) and ρ1 = ρ2 = 0.3 (bottom right). The

other parameters are α = 0.6, Φ = 1 and κ1 = κ2 = 1. The initial values are

(x1, x2) = (0.05, 0.5) and (x1, x2) = (0.95, 0.5) in both pictures.
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4 Pareto-optimum

The outcome of the open-access-fishery is certainly not efficient. In order to deter-
mine the Pareto-optimal fishery regime we consider a social planner. The planner’s
optimization problem is to maximize a representative household’s utility by choos-
ing effort over time

max
y,{qi,ei,ni}

∞∫
0

[
y +

ασ

σ − 1
ln

[∑
i

q
σ−1
σ

i

]]
exp(−δ t) dt

subject to qi = ni xi e
η
i , (1), and (3). (22)

To determine the general properties of the optimal fishery we derive the conditions
for the optimal fishing strategy using the Hamilton formalism. The current-value
Hamiltonian with co-state variables πi for qi = ni xi e

η
i and µi for the equations of

motion (1) of the fish stocks reads

H =
ασ

σ − 1
ln

[∑
i

q
σ−1
σ

i

]
+ ζ

(
1−

∑
i

ni ei

)
− y −

∑
i

ni φ

+
∑
i

πi [ni xi e
η
i − qi] +

∑
i

µi [gi(xi)− ni xi eηi ] (23)

According to the formalism, the necessary conditions for the optimal fishing strat-
egy are

∂H
∂qi

= 0 α
q
− 1
σ

i∑
j

q
σ−1
σ

j

= πi (24)

∂H
∂ei

= 0 [πi − µi] η ni xi eη−1
i = ζ ni (25)

∂H
∂ni

= 0 [πi − µi] xi eηi = ζ ei + φ (26)

∂H
∂xi

= δ µi − µ̇i
[
πi − µi

]
ni e

η
i + µi g

′
i(xi) = δ µi − µ̇i (27)

Conditions (24), (26), (25) and (27) hold for all species i.
From (24) we derive the total harvest of species i as a function of the shadow-

price of harvest (πi)

ni hi = qi = α
π−σi∑
j

π1−σ
j

. (28)

This expression for the optimal harvest of species i is similar to the harvest in the
open access setting (equation 12) except that the equilibrium price pi of fish in
Equation (12) is replaced by the shadowprice πi.
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From Conditions (26) and (25) we derive the optimal effort levels:

ei =
η φ

(1− η) ζ
. (29)

Evidently, the effort per vessel in the open access setting is equal to the optimal
effort level. What is causing the inefficiency in the open access fishery is the free
entry that leads to an excessively high number of vessels fishing for each species.

From the condition for the optimal number ni of vessels, using (29), we derive
the shadowprice of harvested fish

πi =
φ

1− η
h−1
i = Φ−1 x−1

i + µi. (30)

The shadowprice of harvest in the optimum exceeds the price of harvest in the
open-access equilibrium by the shadowprice µi of the stock of fish species i. This
implies that the optimal landing fee for fish species i in the open access regime
just equals the shadowprice of the fish stock.

Our next step is to determine the optimal harvest in a steady-state and the
optimal equilibrium fish stocks. In a steady state, neither the stocks of fish nor
the shadowprices change, i.e. µ̇i = 0. Hence, the optimal steady-state number of
vessels is determined by Condition (27) together with (30). Given the number of
vessels, the harvest of species i is determined by (see Appendix B)

ni hi = αΦ

[
xi −

ρi xi

h
1− xi

κi

i
δ+ρi

xi
κi

]σ
∑
j

[
xj −

ρj xj

»
1−

xj
κj

–
δ+ρj

xj
κj

]σ−1 (31)

The optimal steady-state harvest of species i differs from the harvest in the open
access equilibrium, as correcting factors appear both on the numerator and de-
nominator of the right hand side of equation (31).

Again, as in the open-access case, the harvest of species i depends not only
on the own stock, but also on the stocks of all other species. Only in the case of
Cobb-Douglas preferences, σ = 1, harvests are independent of each other.

In the case of perfect complements (σ = 0), the harvests of all species is the

same, ni hi = αΦ
[∑

j

x−1
j

[
1 − κj−xj

δ/ρj κj+xj

]−1]−1
. It is clearly smaller than in the

open access regime with perfect complements.
In the case of perfect substitutes, (σ → ∞) it is not necessarily optimal to

harvest only the species with the largest stock. Rather, only the species should be
harvested for which

x̃i ≡ xi −
ρi xi

[
1− xi

κi

]
δ + ρi

xi
κi

(32)
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is maximal. Equation (32) defines the adjusted steady-state stock of species i.
That is the equilibrium stock of species i minus the sustainable yield, i.e. the
natural growth at the equilibrium stock, discounted at a rate that is composed
of the rate of time preference δ and the natural mortality rate of the fish at the
equilibrium stock, ρi xi/κi. Of course it may well be that the adjusted steady-state
stock of species i is larger than the adjusted steady-state stock of another species j,
even if the actual steady-state stock is smaller. In particular this would very likely
be the case if species i had a vastly larger intrinsic growth rate than species j,
ρi � ρj.

Consider again the case of just two species of fish, we can easily derive the
comparative statics of total steady-state catch ni hi with respect to the elasticity
of substitution σ:

d n1 h1

dσ
= αΦ x̃σ1 x̃

σ−1
2

ln x̃1 − ln x̃2[
x̃σ−1

1 + x̃σ−1
2

]2 (33)

d n2 h2

dσ
= − αΦ x̃σ−1

1 x̃σ2
ln x̃1 − ln x̃2[
x̃σ−1

1 + x̃σ−1
2

]2 (34)

Let, without loss of generality, the adjusted steady-state stock of species 1 be larger
than the adjusted steady-state stock of species 2, i.e. x̃1 > x̃2. Then, the harvest of
species 1 will increase and the harvest of species 2 will decrease with the elasticity
of substitution σ:

Proposition 3

The better substitutes in consumption the species are,

1. the more will be harvested of the species with the largest adjusted steady-state

stock.

2. the less will be harvested of the species with the smallest adjusted steady-state

stock.

While in an open access regime a higher elasticity of substitution between the
different species of fish leads to a more sustainable outcome in the sense that the
species with the lower stock is harvested less, Proposition 3 shows that this may
not be optimal. If, e.g., the intrinsic growth rate of the species with the smaller
stock is substantially larger, it may well be optimal to harvest more of the species
with the smaller stock if σ increases.

The problem to determine the optimal steady-state stocks in a fishery with two
species can be formulated as a fixed-point problem in a similar way as in the open
access equilibrium. The exact formulas are somewhat more complicated however.
We have

xstst
1 (x2) =

1

4

[
Y2 + κ1

[
1− δ

ρ1

]]
+

√
δ κ1

2 ρ1

Y2 +
1

16

[
Y2 + κ1

[
1− δ

ρ1

]]2

(35)

xstst
2 (x1) =

1

4

[
Y1 + κ2

[
1− δ

ρ2

]]
+

√
δ κ2

2 ρ2

Y1 +
1

16

[
Y1 + κ2

[
1− δ

ρ2

]]2

(36)
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where

Y1 = x̃1

[
αΦ

[
1

ρ1 − ρ1
x1

κ1

− 1

δ + ρ1
x1

κ1

]
− 1

] 1
σ−1

(37)

Y2 = x̃2

[
αΦ

[
1

ρ2 − ρ2
x2

κ2

− 1

δ + ρ2
x2

κ2

]
− 1

] 1
σ−1

. (38)

The steady state stocks of the two fish species are determined by the fixed point
equation x1 = xstst

1 (xstst
2 (x1)).

To determine the optimal transition dynamics towards the steady state, we re-
formulate the social planner’s optimization problem by considering total harvest
Hi = ni x

χ
i e

η
i as the decision variable. Using (29), we have

ni = Hi x
−χ
i e−ηi = Hi x

−χ
i

[
η φ

(1− η) ζ

]−η
(39)

Thus, the optimization problem simplifies to

max
{Hi}

∞∫
0

[
ασ

σ − 1
ln

[∑
i

H
σ−1
σ

i

]
− 1

Φ

∑
i

Hi x
−χ
i

]
exp(−δ t) dt

subject to ẋi = ρi xi

[
1− xi

κi

]
−Hi, (40)

We solved this optimization problem numerically in a discrete time setting, em-
ploying a dynamic program. (The code of the program which is written in c is
available from the authors upon request.)

The simulation results for the same ecological parameter setting as used to
compute the graphs in Figure 1 and for the same initial stocks are shown in Fig-
ures 3 and 4. The intrinsic growth rates of both species of fish on the left hand
side are ρ1 = ρ2 = 0.5 while on the right hand side they are ρ1 = ρ2 = 0.5. The
two graphs at the top show the phase diagrams in the state space. The green and
red line show the curves of xstst

1 (x2) and xstst
2 (x1). Their intersection depicts the

steady state. The two graphs at the bottom show the optimal landing fees for
both species, i.e. the shadowprices of the two fish stocks (cf. Equation (30)).

In Figure 3 the case of substitutes is shown. The blue curve depicts the optimal
path for a low initial stock of species 2, while the magenta curve depicts the optimal
path for a high initial stock of species 2. The initial stock of species 1 is the same
in both cases. Even with very low growth rates of both species (right hand side),
a steady-state equilibrium with large stocks of both species is optimal, very much
in contrast to the open-access case where both species are fished to extinction. If
the initial stock of species 2 is very low it is optimal to put more fishing effort on
species 1 initially and only switch to more harvesting of species 2 when its stock
has recovered. The comparison of blue curves in the graphs on the left hand side
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Figure 3: The phase diagrams for the case of substitutes (σ = 2) and two different

intrinsic growth rates: ρ1 = ρ2 = 0.5 on the left hand side and ρ1 = ρ2 = 0.25

on the right hand side. The other parameters are α = 0.6, Φ = 1, δ = 0.2 and

κ1 = κ2 = 1. The initial values are (x1, x2) = (0.05, 0.5) and (x1, x2) = (0.95, 0.5)

in both pictures.

15



of Figures 1 and 3 show the difference in harvesting in the open access and the
optimum. In the open access fishery, much more is harvested of the larger stock.
Thus, the stock of species 1 declines strongly in the beginning. In the optimum,
the species with the larger adjusted stock is harvested to a greater extent. This is
not necessarily the species with the larger stock: The stock of species 1 declines
less in the beginning than the stock of species 2: The reason is that the growth
rate of species 1, i.e. the adjustment factor, is much higher.

If the stock of one species is very low initially, the initial optimal landing fee
for this species is very high (note that the scales on the x and y axes are different).
But also the landing fee on species 1 is high initially, although the initial stock
of this species is not much below the steady state value. The reason is that the
stock of species 2 is low. Because both species are substitutes, there will be more
over-fishing of species 1 than if the stock of species 2 was high.

Figure 4 shows the optimal paths for the case of complements. For the optimal
dynamics it is sufficient to show two graphs, as for all the different growth rates of
Figure 2 just one steady state exists.1 The main difference to the case of substitutes
is how the steady state is approached. Considering the case of a small initial stock
of species 2 (i.e. the blue curves) again, in the case of substitutes the stock of
species 1 initially declines while in the case of complements it initially increases.
The reason is that in the case of complements both species are harvested more
equally. Thus, the species with the higher stock, which also exhibits the higher
natural growth rate (cf. the equations of motion (1)), increases more strongly.

Since in the case of complements the species with the lower stock is much
more under fishing pressure than the species with the larger stock, the optimal
landing fee on the species with the small stock is very high, while the landing fee
on the species with the large stock is very low (the blue curves in the graphs at
the bottom of Figure 4). The landing fee on the species with the larger stock may
even decrease in the beginning, because by strong natural reproduction the stock
increases, i.e. over-fishing becomes less of an issue.

5 Conclusion

In this paper we have studied the effects of consumers’ preferences for diversity
of food fish on (i) the outcome of an open access fishery, (ii) the Pareto-optimal
dynamic fishing strategy and (iii) policy implications.

We have shown that the better substitutes the species are, the more sustainable
is the open access fishery: more will be harvested of the species with the larger
stock, but endangered species with a smaller stock will be fished to a lesser extent.
The reason is that it is more costly to catch the fish with the lower stock and that
this additional effort pays off less the better substitutes the species are. Analyzing
the fishing dynamics we have shown that strong preferences for diversity, i.e. when

1When the rate of time preference δ is substantially smaller than the growth rates, this may
be different. In this paper, we refrain from studying this this case in more detail.
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Figure 4: The phase diagrams for the case of complements (σ = 0.5) and two

different intrinsic growth rates: ρ1 = ρ2 = 0.5 on the left hand side and ρ1 = ρ2 =

0.25 on the right hand side. The other parameters are α = 0.6, Φ = 1, δ = 0.2 and

κ1 = κ2 = 1. The initial values are (x1, x2) = (0.05, 0.5) and (x1, x2) = (0.95, 0.5)

in both pictures.
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the different species are complements lead to extinction of one species for large
ranges of ecological parameters for which an open access fishery is sustainable
if the different species are substitutes. In other words these results imply that
stronger preferences for diversity lead to a less sustainable outcome in the open
access regime. In this sense, this is the ’wrong’ type of preferences for diversity
from the conservationist’s point of view.

In contrast to the open access regime, however, in the Pareto optimum it may
well happen that the species with the smaller stock is fished less when the elasticity
of substitution decreases. This is the case if the growth rate of the species with the
smaller stock exhibits the larger growth rate. Also, under reasonable assumptions
on the parameters it is optimal to approach a steady-state with positive stocks of
all species, i.e. it is not optimal to fish any species to extinction.

Although we did not consider any biological interactions between the different
species of fish our analysis has shown that the optimal dynamics are relatively
complex: The optimal landing fees for the different stocks of fish are interdepen-
dent. Our analysis has shown that this interaction results in the need to levy
substantial landing fees also on fish species with a stock that is still relatively high
if this species is a substitute for an endangered species. If the different species are
complements, the fees should be targeted in a more direct way to the endangered
species.
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