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Abstract. The aim of this paper is to assist teaching undergraduate students how to analyse the issue of fish
stock investment. The mathematical prerequisites are a basic knowledge of calculus. Both discrete and continuos
time frameworks are used. To fish down or to build up a fish stock takes time, and time is money for enterprises
and consumers. The concept of discounting is introduced and we analyse how a positive discount rate affects the
optimal long run stock level and harvest, as well as the fishery in transition. At any point in time the resource
manager has a choice between depleting, rebuilding and equilibrium harvesting of the fish stock. These options
imply that harvest has to be either above, below or equal to the natural growth of the stock. To assure
profitability of an investment in a fish stock the present value of postponing harvest has to be greater than the
value of immediate harvest. The Clark-Munro (1975) rule is derived without use of control theory and the long-
run solution of the stock level is presented and discussed graphically. In addition to the bang-bang transition,
adjusted transition paths are discussed by use of material from FAO (1995) and OECD (2000).
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1. FISH STOCK INVESTMENT

To fish down or to build up a fish stock takes time, and time is money for enterprises and consumers. In this
chapter we introduce the concept of discounting and analyse how a positive discount rate affects the optimal long
run harvest and stock level, as well as the fishery in transition. Both discrete and continuos time frameworks are
used.

1.1. Discounting

In the previous chapter we discussed resource rent in an open access and in a maximum economic yield fishery,
and showed that open access implies dissipation of the potential resource rent due to excessive effort and too low
stock level. To change from open access to maximum economic yield fishing necessitates reduced effort and
increased stock level. However, rebuilding a fish stock takes time since the resource itself has a limited
reproductive and growth capacity. Rebuilding can only take place if harvesting is reduced or stopped for some
time since harvest has to be less than natural growth to generate growth in the stock. At any point in time the
resource manager has the choice between depletion, rebuilding and equilibrium harvesting of the fish stock.
Depletion means that harvest is greater than natural growth, and revenue is high in the short run. However, this
harvest strategy is not viable in the long run and will have to be changed after some while to avoid economic
losses.

Rebuilding a fish stock means investing the foregone harvest, thus, revenue is reduced in the short run with the
aim of getting more in return at a later stage. In this case a part of the potential net revenue is invested in the fish
stock, the natural resource capital, to save for future purposes. For the resource owner, usually society, the
question at any point in time is whether to consume or invest. For an investment in the stock to be profitable, the
return on this investment should be just as good or better than for other investment projects. A sum of money to
be received in the future is not of the same value as the same sum of money received today, since money could
be deposited in the bank at a positive interest rate. Thus, the interest rate plays an important role in the evaluation
of investment projects as well as in comparison of the value of money at different points in time.

                                                  
* This paper is based on a chapter of the author’s Lecture notes on fisheries economics (in preparation).
Comments are most welcome.
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Before we proceed to studying capital management of the resource stock, let us recapitulate the main
connections between present value and interest rate in a discrete and a continuous time context.

When investing A0 dollars, for example as a bank deposit, at an annual interest of i per cent, your capital will
after one year have grown to A0(1 + i) and after two years the value will be A0(1 + i)2. In general, an investment
of A0 dollars on these conditions will after t years have the following value
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Solving equation (1) for A0 gives
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This shows the connection between the future and the present value of money. At dollars in t years is worth A0 at
the present, therefore, A0 is called the present value of At. It is easy to see from equation (2) that the present value
of a given amount of future money is lower the farther in the future it will be received and the higher the interest
is. For businesses and people investing their money, i is usually called the interest rate or market rate of interest,
whereas in economic analysis it is often called the social rate of discount. The factor 1/(1 + i)t =  (1 + i)-t of (2) is
the discount factor, which has a value less than one for all positive values of  i and t. For t = 0 the discount factor
equals one and it decreases for increased values of t. This means that money at the investment or loan point in
time is not discounted, whereas all future money is. Note that the discount factor approaches zero when t goes to
infinity. This means that money values in the very, very far future hardly have any value today if they are
discounted. The present value of a stream of future annual profit is the sum of the present value of each of them.
For example, with an annual interest rate of 5 per cent the present value of a profit of $1000 a year for the next
five years, starting one year from now, is 0.952 ⋅ $1000 + 0.907 ⋅ $1000 + 0.864 ⋅ $1000 + 0.823 ⋅ $1000 +
0.784 ⋅ $1000 = $4330. (Deliberately, the author has made a mistake for one of the discount factors – find this by
use of your calculator).

Traditionally, discrete time formula as discussed above are commonly used in investment and economic
analysis. This is due to the fact that usually interest is calculated and firms report economic results to owners and
tax authorities on an annual basis. However, in principal the period length for interest and present value
calculations may be arbitrarily chosen as long as the interest rate is adjusted accordingly. For use in population
dynamics and natural resource economics it is often useful to calculate growth and decay on a continuous time
basis using the instantaneous annual rate of discount, δ. The relationship between the discrete time annual
interest rate and the instantaneous rate of interest is

(3) ,)1(  tt ei δ−=−+

where e = 2.71828 is the base of the natural system of logarithms. Figure 1 shows the connection between
discount factors for i = 0.1 and δ = 0.0953 using discrete and instantaneous time, respectively, on an annual
basis. From (3) we derive, by taking the natural logarithm of both sides,

(4) .)1ln( δ=+ i

For i = 0.1 we derive δ = 0.0953 by using (4). For bank deposits, using the annual rate of interest i, compound
interest is usually calculated at the end of each year. However, using the instantaneous rate of interest δ  implies
that interest on interest is calculated on a continuously basis throughout the year. That is why δ  is less than i –
the continuous calculated interest on interest compensates for the lower value of the proper interest rate (δ
compared to i). Note that this discussion is based on a time step of one year in the case of discrete time. If,
however, we use a shorter time step, the difference between i and δ, according to equation (4), will be smaller. In
the extreme case when the time step approaches zero, the discrete time rate of interest, i, will approach the
continuous time rate of interest, δ.

As noted above formula (2) is for the discrete time case. Using continuous time the corresponding formula for
computation of the present value A0 of the future value at time t, A(t), we get



THEME G: Theoretical and Empirical Bio-Economic Modelling

A Lecture Note on the Economics of Fish Stock Investment

PAGE 3

Figure 1: Discount factors for discrete (bars) and continuous (curve) time, with i = 0.10 and δ = 0.0953.
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Whether one should use discrete or continuous time approach in economic analysis of investment is primarily a
question of convenience. The formula (2) and (5) give the same result as long as i and δ are in accordance with
(4). In theoretical analysis it seems that the continuous time approach is the preferred one, whereas in empirical
work discrete time calculations are the most common. The fact that most fish stocks are assessed at regular time
intervals is a practical argument for using discrete time models in studies of applied fisheries biology and
fisheries economics.

2. FISH STOCKS AS CAPITAL

At any point in time the resource manager has a choice between depleting, rebuilding and equilibrium harvesting
of the fish stock. These options imply that harvest has to be either above, below or equal to the natural growth of
the stock. To assure profitability of an investment in a fish stock the present value of postponing harvest has to
be greater than the value of immediate harvest. In case of actual management the options are usually “greater” or
“smaller” harvest now compared to “smaller” or “greater” future harvest, or change in harvest. However, to
simplify the analysis let us start by comparing two distinct options, A and B. For option A there is an equilibrium
harvest in all periods, with a constant harvest equal to the natural growth of the stock in the initial period. For
option B there is no harvest in the initial period, period 0, and the natural growth of this period is invested in the
stock with the aim of increasing the potential harvest in all succeeding periods. Therefore, for option B
equilibrium fishing takes place such that natural growth is harvested from including period 1. With H denoting
harvest and X fish stock, the two options are

Option A: )( 0210
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where superscript denotes harvest option and subscript denotes harvest period. To compare the economic results
of the two alternatives, the net economic result of each harvest period is discounted to the starting point, period
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0. The fish price, p, is given at the world market whereas the unit cost of harvesting, c, depends on the stock size
in the following way

(6) .0)(''     ,0)('     ),( ><= XcXcXcc

In other words, the unit cost of harvest, for example $ per kg, diminishes with increased stock level. The
resource rent for each period of time is
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The two sets of resource rent we are going to compare are
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Note for option B the zero harvest and zero resource rent of the commencement period. Compared to option A,
this will increase the stock level and the harvest potential for all subsequent periods. Now the question is: when
is option B to be preferred to option A? To answer this let us try to derive a criterion, or rule, for when to invest
in the stock. The analysis will conclude with the investment rule in (12).

The difference in resource rent between options B and A from including period 1 is
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Recall that π0
A  = π A, whereas π0

B = 0. Assuming that the period length is one year, i designates the annual rate of
discount. It is of course possible to use any period length as long as the interest rate i is adjusted accordingly.
Nevertheless, we shall in this section think of one year as the period length. The present value of the future n-
period resource rent differences is
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Since a fish stock has a potential of living eternally we need the infinite horizon equivalent of (9). This is easily
derived by letting n approach ∞ in formula (9), thus the right hand side changes to an infinite horizon geometric
series.  According to the formula for an infinite geometric series (see for example Berck and Sydsæter, 1991) a +
ak + akn-1 = a/(1 - k), when k < 1 and n → ∞. Defining )1/( ia +∆= π  and k = 1/(1 + i) we derive
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(the student should check that this is correct). We have now found, in (10), that by not harvesting during the
starting period, thus investing the value π0

A in the stock, the additional present value of future harvests equals the
additional annual value divided by the annual rate of discount. The important question now is: is this a profitable
investment for the resource owner? According to the standard investment criterion, the investment is profitable if
there is a positive difference between present value of future profit due to the investment and the initial
investment. Therefore, in our case the investment is profitable if
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Rearranging (11) a little, we derive the following investment rule:

Invest in the fish stock if
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This investment rule says that the resource owner should invest in the stock as long as the relative profitability of
the fish stock capital is greater than that of alternative investments expressed by the annual rate of discount, i.
This result also implies that the optimal stock level is established when the left hand side expression of (12)
equals the annual rate of discount. Thus, the long run optimal stock level may be found from the formula
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At the optimum the relative profitability of the fishery, based on the notion of resource rent, should equal the
annual rate of discount. Further investment in the resource will reduce the unit cost of harvesting, according to
(6). However, sustainable yield and revenue will become relatively smaller and smaller due to the shape of the
growth function, F(X). The resource rent on the left-hand side of (13) consists of both revenue and cost elements,
which may vary differently with a change in the fish stock according to whether the stock level is lower or
higher than the MSY level. The different elements of the resource rent and the effects of changes in the discount
rate warrant further investigations.

3. LONG-RUN OPTIMAL STOCK LEVELS

For the discrete time analysis in section 2 the interest rate i was used – this measuring the rate of interest per
year. In section 1 the instantaneous rate of interest, δ, was explained and compared to the discrete time rate of
interest i. The former measures compound interest, that is, interest on the accrued interest as well as on the
principal, on a continuos time basis. To see the implications for the long-run optimal stock level of the interest
rate, fish price, density dependent harvest cost and natural growth, we shall now use continuous time to analyse
the investment issue. Instead of asking how much harvest to postpone from one period of time to the next, for
example from one year to the next, we ask how much should possibly be postponed from one moment in time to
the next moment, marginally later than the first.

We shall now assume that the management objective of the resource owner is to maximise his wealth. This is
somewhat different from maximising resource rent (which was discussed in section 3.2). Resource rent is a flow
concept, denoted for example $/year, whereas wealth is a stock concept, denoted for example $. Economic flows
are related to time periods, for example periods of one year, whereas wealth is related to a specific point in time,
for instance 1st January a particular year. (Note that stock in this connection means a capital stock in general and
not a fish stock).  There is, however, a clear link between flows and stocks, since wealth is the present value of
the net revenue for all successive periods. To see this more clearly, let A(t) denote the net revenue per period of
time at time t, δ denotes the rate of discount and V the wealth of the resource owner. Recalling formula (2), the
wealth is
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As noted above, the resource manager has a choice among various income streams. In making this choice the
manager is basically determining an investment strategy. In a perfectly certain world, which is the kind of world
we are considering, the investment decision will be affected by the opportunity cost of capital, expressed by the
discount rate δ, and the ecological and economic characteristics of the fishery. A necessary condition for
maximising the resource owner’s wealth, expressed in (*), is that he includes the opportunity cost of capital when
considering what long-run level of the fish stock he shall aim at. This opportunity cost of resource capital is
deliberately excluded when discussing Maximum Economic Yield (MEY) management.

We shall see that the long-run optimal stock level is implicitly given by equation (18) and that this may be
presented graphically as in Figure 2. We shall see that equation (19), called the Clark-Munro rule, is the
continuous time equivalent to the discrete time investment rule of equation (13).

Recall equation (13), which implicitly yields the discrete time long-run optimal stock level, and think of how it
may look when we use continuous time and very small changes in the variables. As noted above, at any point in
time the resource manager has the choice between depleting, rebuilding and equilibrium harvesting of the fish
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stock. In all three cases harvesting may be possible, but of a different magnitude. Harvesting a quantity H at any
point in time creates revenues for and imposes costs on the industry. Current resource rent per unit harvest
depends on the price of fish and the cost of harvesting. As in the previous analysis we shall assume a constant
price of fish, p, independent of the level of harvest, and a unit cost of harvest, c(X), that depends on the stock
level only (see equation 6). Investing the proceeds at the instantaneous rate of discount, δ, implies that the
sustainable interest from this harvest equals

(14) HXcpXHR ))(();( −= δ

Thus, the proceed from the fishery, (p-c(X))H, becomes the principal of the resource owner’s financial
investment. Equation (14) expresses the sustainable net income per period of time from an instantaneous harvest
H that has been converted into a perpetual investment. Note that on the left-hand side of (14), X is placed after
the semicolon. This means that X is kept constant – thus H is the independent variable in this case.

The sustainable interest is altered by a marginal change in the instantaneous harvest and is found from equation
(14) by taking the derivative of R with respect to H

(15) ))(( Xcp
dH
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This marginal sustainable interest is the marginal opportunity cost of resource capital, emanating from an
incremental investment in the stock since the alternative to harvesting H is to leave it in the sea as an investment
in the stock. Figure 2 panel (b) shows dR/dH as the upward sloping curve, equal to zero at the open access stock
level. The open access stock level generates zero resource rent and we see from (14) that this is the case when
p = c(X∞); recalling that X∞ is the open-access equilibrium stock level. If the current harvest generates zero rent
there is no surplus to invest and sustainable interest on this zero value “investment” will of course also be zero.
The unit cost of harvesting is lower the higher the stock level is - thus the unit resource rent, (p-c(X)), is higher
the higher the stock level is. Harvesting H now with the objective of investing the proceeds in the bank means
that the initial bank deposit, the principal, is higher the higher the stock level is at the moment of harvesting.
With a constant rate of interest, δ, this means that the marginal sustainable interest, expressed by dR/dH in
equation (15), portrays an upward sloping curve in Figure 2 panel (b).

The alternative to current harvest (option A) is to leave the fish in the sea (option B), which is to invest in the
stock with the purpose of harvesting at a later point in time. Such an investment may augment the natural growth
of the stock and decrease the unit cost of harvesting to yield a future net gain from these two effects combined.
Sustainable harvesting is when the natural growth is being harvested, that is H ≡  F (X). In this case the
sustainable resource rent at stock level X is

(16) )(      when, )())(()( XFHXFXcpX =−=π

where we have substituted natural growth, F(X), for harvest, H. Recall that H ≡  F (X) is by definition the
equilibrium harvest, also called sustainable harvest, for a given level of the fish stock, X. The sustainable
resource rent, π(t), is portrayed in Figure 2 panel (a). This rent has its maximum for stock level XMEY, or to put it
the other way around, the stock level that gives maximum economic yield is called the maximum economic yield
level, XMEY.

Future gain comes via two components, lowering the unit cost of harvesting and possibly increasing the
sustainable yield. Let us have a closer look at these two components by taking the derivative of equation (16)
with respect to X, arriving at
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This is the marginal sustainable resource rent, portrayed in Figure 2 panel (b) as the downward sloping curve.
This may be interpreted as the “revenue” side of the investment budget - the net revenue resulting from a
marginal investment in the fish stock. It is not obvious from equation (17) why dXd /π is downward sloping.
However, note that dπ /dX is the slope of the sustainable resource rent π (X), defined in equation (16) and
depicted in Figure 2 panel (a). This panel shows that the slope of the π (X)-curve, the marginal sustainable
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resource rent, is positive but decreasing with increasing stock level between the open-access level, X∞ and the
maximum economic yield level, XMEY. Therefore, investing one tonne of fish in the stock, that is to increase the
stock level by one tonne, gives a higher economic return for stock levels closer to X∞ than close to XMEY.

(a)

Figure 2: Graphical determination of the long-run optimal stock level X* (panel (b) adapted from Clark, 1976).

The marginal sustainable resource rent consists of two terms (on the right hand side of equation 17). The first
term is the instantaneous marginal product of the stock, F’(X), evaluated at the net price, or resource rent per unit
of harvest, [p - c(X)]. This term expresses the partial net gain for the fishery due to a change in the sustainable
yield from a marginal increase in the stock level. Recall that F’(X) may be positive or negative, for stock levels
below or above, respectively, the MSY level. The second term of the right hand side of (17) is related to the cost
saving effect of increasing the stock level. Note that this is always positive due to the minus sign and the
negative value of c’(X) (see equation 6 ).

From an investment point of view there has to be a balance between the profitability of investing (proceeds from
the harvest) in the “bank” and abstaining from harvest to invest fish in the “sea” (to increase the fish stock level).
Thus, the marginal profitability of these two types of investment has to be equal to assure a balanced portfolio.
Equating equation (15) and (17) gives
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where X* denotes the long-run optimal stock level, implicitly given by this equation. In our case equation (18)
has a unique solution for X  = X*, the optimal equilibrium stock level, shown in Figure 2. We have discussed
above the economic significance of each of the two sides of equation (18). It is easy to see from Figure 2 that an
increase in the discount rate, δ, will reduce the optimal stock level. Such an increase will turn the upward sloping
curve anti-clockwise around X∞, thus moving the intersection point towards the left. Increased δ means that the
opportunity cost of investments rises, making it more costly to keep a large capital stock, the fish stock, in the
sea. If δ goes towards infinity, which implicitly is to say that the manager sets a zero value on future revenues,
the optimal stock level goes towards the open-access level X∞. This is precisely what fishers in an open-access
fishery are confronted with. For each fisher the opportunity cost of investing in the stock by abstaining from
harvest is infinitely high. What Peter possibly saves in the sea for his future use will be harvested by his
competitors, including Paul and Mary, to yield zero return on his savings. This is why Peter, and each of the
other fishers, is forced by the open-access regime to behave in a myopic way to catch as much as possible at any
point in time.

Having discussed the effect of an infinitely high discount rate we now turn to the other extreme, a discount rate
equal to zero. Figure 2 panel (b) shows that the upward sloping curve, showing the marginal sustainable
opportunity cost of investment, will turn clockwise around X∞ when δ decreases. This moves the optimal stock
level X* towards the maximum economic yield level, XMEY. Thus if future revenues are not discounted relative to
current revenue, which is the meaning of δ → 0, the capital theoretic approach to management reduces to that of
maximising the resource rent. In this case a sacrifice of current harvest for future gains causes less “pain” since
future gains last forever without being discounted. One $ next year, or in 20 years, is just as good as one $ today.

Our analysis of the effect of discounting on the long-run optimal stock level is a simplified approach to capital-
theoretic analysis of fisheries management. The development around 1970 of the mathematical tool optimal
control theory, an extension of the standard calculus of variations, made it possible to analyse dynamic economic
issues in a more thorough way than previously done. Control theory was applied to analysis of economic growth,
capital investment, natural resource management and other issues that included evaluation of income across
time. Several studies of capital theoretic analysis of fisheries appeared in the early 1970s (for a review, see for
example Munro and Scott, 1985). Two Canadian researchers, a mathematician - Colin W. Clark and an
economist - Gordon R. Munro, published in 1975 one of the most quoted fisheries economics papers ever (Clark
and Munro, 1975) that led to the investment rule in equation (19). Note that if we divide with the resource rent
per unit of harvest, [p - c(X)], on both sides of equation (18) we arrive at
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Equation (19) is the continuous time equivalent to the discrete time equation (13) for computation of the long run
optimal fish stock level in steady state. The left-hand side of (19) is the fish stock’s own rate of interest, and this
equals the social rate of discount (which may or may not be equal to the market rate of interest) on the right-hand
side. The stock’s own rate of interest consists of two parts, first, the instantaneous marginal product of the
resource, F’(X), which can be positive, negative or zero. Second, it includes what has been termed the marginal
stock effect, -c’(X)F(X)/(p - c(X)), which is always positive since c’(X) is negative. The marginal stock effect has
a positive effect on the optimal long-run stock size. If the unit cost of harvesting, c(X), is high this implies a
higher optimal stock level. The same result applies if the absolute value of the marginal unit cost of harvesting,
c’(X), is large. In some cases it may be that the marginal stock effect is great enough to imply an optimal stock
level high enough to have F’(X) < 0 (see equation 19). This means that the optimal stock level may be above the
maximum sustainable yield level, despite the use of discounting. It is also seen from equation (19) that if the unit
cost of harvest is completely insensitive to stock changes, that is c’(X) = 0, the Clark-Munro rule reduces to the
simple marginal-productivity rule F’(X) = δ. In this special case the fish stock’s instantaneous marginal
productivity equals the marginal opportunity cost of capital, the social rate of discount, δ. Theoretical reasoning
and empirical work have shown that the marginal stock effect is weak for schooling pelagic species, often fished
with purse seine, and stronger for demersal species, often fished with bottom trawl or gill-net. Herring (Clupea
sp.) and Anchoveta are examples of the former - Cod (Gadus morhua) and Orange roughy (Hoplostethus
atlanticus) examples of the latter.
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4. TRANSITION TO LONG-RUN OPTIMUM

We have seen that the long-run optimal stock level can be derived from equation (18), which is equivalent to the
Clark-Munro rule in (19), and that this can be depicted graphically as in Figure 2. The analysis started by
comparing two investment alternatives, option A, with immediate equilibrium harvest and investment of the net
proceeds in the “bank”, versus option B, with no harvest during the initial period, but with equilibrium harvest
from including the next period. Thus in option B the natural growth of the initial period is invested in the stock
to harvest more later, whereas in option A the net proceeds of the initial period harvest are invested in the “bank”
to yield future interest. To simplify the analysis we have in this approach discussed two outliers, the all (option
B) or nothing (option A) fish stock investment of the initial period. However, in actual management situations
there are at any point in time a wide range of possible exploitation intensities, from zero harvest, which implies
investing the total natural growth in the stock, via some harvest or equilibrium harvest to different degrees of
over-exploitation. The latter implies running down the fish stock. In a complete theoretical analysis there is
usually a connection between the long run optimum and the optimal path towards equilibrium. Nevertheless, for
practical and pedagogical reasons we have discussed these two issues separately, as if the optimal long-run stock
level implicitly is given by equation (18).

Figure 3 shows two possible recovery strategies in case of an overfished stock, that is, when the initial stock
level is below the optimal level. Path (i) is the non-fishing adjustment path, also called the bang-bang approach
to fisheries adjustment. In this case the fishery is totally closed down (panel b) and the stock recovers at its
maximum speed (panel a), limited by its natural rate of growth, until time t1 when the optimal stock level is
reached. From time t1, long run optimal harvesting, H*, takes place at stock level X*.  The gradual adjustment
path, which allows some harvesting during the stock recovery period, goes on until time t2, with the implication
that it takes somewhat longer for the stock to reach its optimal equilibrium level.

Figure 3: Strategy (ii) implies some fishing during the transition period and a slower rebuilding of the stock than
strategy (i), which is the bang-bang strategy with complete closure of the fishery for some time.

In Figure 3 the difference between strategy (i) and (ii), with respect to harvest and stock recovery, is found
during the adjustment period up to t2. However, from t2 to infinity the long run optimal harvesting takes place
regardless of the transition period strategy. Therefore, for an evaluation of the costs and gains of the alternative
rebuilding strategies, it suffices to compare performances of the transition period, that is, until t2. Strategy (ii)
gives highest catch in the first part of the period up to t1, during which strategy (i) demands total close down of
the fishery. In the second part of the transition period, between t1 and t2, strategy (i) gives the highest catch, equal
to the long run optimum, H*. If the price of fish is constant, regardless of quantity harvested, and the unit cost of
harvesting depends on stock level only, as given in (6), the bang-bang strategy is superior to any other strategy
(see Clark and Munro, 1975). This implies that any strategy postponing the moment for equilibrium harvesting
beyond t1, for example to t2, is an inferior solution. The present value of resource rent from harvesting will be
highest with the bang-bang strategy, given the two crucial assumptions regarding price of fish and unit cost of
harvesting. The reason for this is that there are no price and unit cost penalties from reduction of harvest and
effort, neither from the market in the form of forgone opportunities for gaining a higher price with smaller
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harvest, nor from any effort dependent unit cost of harvesting. (The case of price and cost characteristics that
may lead to more gradual transition paths than the bang-bang path is discussed below.)

So far we have discussed transition as if path (ii) in Figure 3 is the only alternative to the bang-bang path (i).
However, this is just for illustrative purpose. In empirical work and actual management it could be that several
alternative paths are closer to optimum than the bang-bang path. In Figure 3 panel (b), path (ii) depicts a gradual
increase in harvest during the transition period, from H0 at the commencement of the transition to the
equilibrium harvest, H*, at the end. Alternatively we may for instance start with a catch somewhat larger than H0

and keep this constant until the optimal equilibrium stock level is reached. Another alternative is to start with a
harvest somewhat lower than H0 and stay below harvest path (ii) throughout the transition period. This implies
that the stock will grow faster than shown for stock path (ii) of Figure 3 panel (a), and t2 will be moved to the left
to shorten the time necessary to rebuild the stock to the optimal level X*.

If the price of fish varies with harvest, as is the case with a downward sloping demand curve, this may have an
effect on the optimal transitional fishery. In this case the optimal path is usually a more gradual transition to the
long-run equilibrium in order to benefit from the high price – low quantity combination. Thus, the bang-bang
solution with complete closure of the fishery during the transition period is no longer optimal. The reason for this
is that the positive economic effects of a small harvest at a higher average price throughout the transitional
period will be beneficial compared to the negative effect from delaying the moment of time we reach a fully
restored fishery. Related to Figure 3, this means that the point in time when the optimal equilibrium stock level
and harvest are reached, t1, is postponed somewhat, for example to t2.

If harvest costs are different from what we assumed above (see equation (6)), also this may imply an optimal
transition path different from the bang-bang approach (i), towards a more gradual transition path illustrated by
(ii) in Figure 3. For instance, if the unit cost of harvesting depends not only on the stock level, but also on effort
or on harvest level, this may switch the optimal transition path from bang-bang to more gradual stock recovery.
The existence of some high-liners, that is, fishers who are significantly more cost-effective than the average,
could be an argument for letting this type of effort continue harvesting during the rebuilding of the fish stock. In
other words, if effort is heterogeneous it may be an advantage for the realisation of resource rent, in present
value terms, to operate a minor fishery with the most cost-effective effort rather than closing down the fishery
during the transition period.

5. ADJUSTED TRANSITION PATHS

We have seen above that economically over-fished stocks need reduction or complete cession of harvesting to
recover and grow to the optimal level. Temporary reduction in harvest also requires a reduction in fishing effort.
Since effort is composed of, or produced from labour, variable inputs like fuel, bait and gear, as well as vessel
capital, the reduction of effort will have repercussions via the labour market and the markets for other inputs.
The consequences of these changes are most severe in fishery dependent areas with few alternative employment
opportunities. The same applies to the negative effects of reduced quantities of fish as raw materials for the fish
processing and marketing industries, often called the post-harvesting sector. For owners and employees of this
sector there may be both economic and social costs incurred because of fluctuations in landings of fish, in
particular when landings are reduced. Therefore, rebuilding of fish stocks is not possible without temporary
negative effects on employment, the vessel service industry and the post-harvest industry. However, the short
and medium term costs of industries and society should be outweighed by future gains from higher stock levels,
otherwise fish stock investment is futile.

The objectives of actual fisheries management often include other elements than resource rent or net revenue of
the industry. For example, such objectives are included in the Code of Conduct for Responsible Fisheries,
adopted in 1995 by the Food and Agriculture Organisation of the United Nations (FAO). These objectives are
shown in Box 1.

The Code, which is voluntary, was developed by FAO and its member countries as a response to the economic
and ecological failure of several fisheries worldwide. Certain parts of it are based on relevant rules of
international law, including those reflected in the United Nations Convention on the Law of the Sea of 10
December 1982.  From an economic point of view the main objective of  “…maximum sustainable yield, as
qualified by relevant environmental and economic factors…” is a little bit strange. However, instead of further
interpretation of this agreed FAO text, let us anticipate that the manager, on his own or together with the industry
and other stakeholders, does the thinking, specifies the management objective(s) and in the end arrives at a long-
run target level for the fish stock. Let us call this level the target stock level, with the corresponding target
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harvest and effort level as well.1)  The target stock level may be above, equal to or below the optimal stock level
discussed above.

Box 1 FAO management objectives

Recognising that long-term sustainable use of fisheries resources is the overriding objective of conservation and
management, States and subregional or regional fisheries management organisations and arrangements should,
inter alia, adopt appropriate measures, based on the best scientific evidence available, which are designed to
maintain or restore stocks at levels capable of producing maximum sustainable yield, as qualified by relevant
environmental and economic factors, including the special requirements of developing countries.

Such measures should provide inter alia that:

a. excess fishing capacity is avoided and exploitation of the stocks remains
economically viable;

b the economic conditions under which fishing industries operate promote
responsible fisheries;

c. the interests of fishers, including those engaged in subsistence, small-scale and
artisanal fisheries, are taken into account;

d. biodiversity of aquatic habitats and ecosystems is conserved and endangered
species are protected;

e. depleted stocks are allowed to recover or, where appropriate, are actively
restored;

f. adverse environmental impacts on the resources from human activities are
assessed and, where appropriate, corrected; and

g. pollution, waste, discards, catch by lost or abandoned gear, catch of non-target
species, both fish and non- fish species, and impacts on associated or dependent
species are minimised, through measures including, to the extent practicable,
the development and use of selective, environmentally safe and cost-effective
fishing gear and techniques.

States should assess the impacts of environmental factors on target stocks and species belonging to the same
ecosystem or associated with or dependent upon the target stocks, and assess the relationship among the
populations in the ecosystem.

FAO (1995), pp. 9-10.

The transition costs and benefits depend on the objectives of policy makers (for example economic, biological,
social, and administrative) and on the characteristics of the instruments (technical measures, input and output
controls) that are used to achieve their objectives. The objectives pursued by fishery managers, and the
management measures that are used to achieve these objectives will thus play an important role in determining
the costs and benefits incurred in a transition to targeted fisheries.

Taking the development of the stock towards long-run target as a guiding principle, it is possible to evaluate the
benefits and costs associated with this transition. If a stock is not realising its production potential because it is
too small, then harvest opportunities are being forgone. Potential harvest that could be generated by the stock is
not being  realised, due to its  depleted  state . Figure 4  provides  a stylised  illustration of the adjusted  transition
path. Panel (a) shows the harvests from the fish stock, panel (b) shows the effort levels associated with
harvesting the stock over time and panel (c) shows the change in the stock level over time. In comparison with a
fishery being managed at its target levels, time  t0  is characterised by  lower  harvest,  higher  effort  and  smaller

                                                  
1) The following part of this section is adapted from OECD (2000) where the target state of fisheries is
called responsible fisheries. FAO (1995) describes the concept ‘responsible fisheries’ and its
development.
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Figure 4: Stylised adjusted targets and transition paths for stock level, effort and harvest of a fishery.
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stock size. If the stock were given a chance to rebuild, a larger harvest with lower level of effort could be
realised. The line CB in panel (a) shows harvest foregone due to the depleted state of the stock.

Figure 4 also illustrates the principal of the transition period’s pains discussed above. If managers enact remedial
measures to allow fish stocks to rebuild, then harvest and effort need to be reduced during the transition period.
Instead of continuing to harvest AB in panel (a), harvest needs to be reduced to DE. Figure 4 panel (b) illustrates
the reduction in effort that is required. Effort needs to fall below that associated with the long-run target if the
stock is to rebuild.

The movement over time from t1 to t2 illustrates the final stage of the transition process. As the size of the fish
stock increases towards the target level, harvest can increase. Due to the increased abundance of fish, the effort
required to harvest this level of yield would be relatively lower than that before the transition period started. A
recovered fishery is characterised by relatively higher catch, larger stock and lower effort.

The benefits and costs of a transition to targeted fisheries also depend on the resource's biological characteristics.
In the case of short-lived species, stocks that have been overfished may rebound to target levels in a relatively
short period of time. In the case of species with low fertility or that grow slowly, recovery may take a significant
amount of time, in which case the benefits associated with the transition will only be incurred in the more distant
future. Indeed it is possible that the discounted costs could outweigh the benefits.
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