
Question 1.  What is the nature of the tradeoff between TAC and CPUE?

The tradeoff is indirect: CPUE normally depends on the current stock level and size-structure of the population, whereas the TAC affects stock level and structure dynamically over time.  Of course, there may exist a (theoretical) equilibrium stock level corresponding to any given constant TAC, but the dynamic process of reaching this equilibrium is itself of great economic importance (see Question 2).  The fact that the equilibrium is only achieved with a time lag (which may be large) affects the optimal equilibrium itself.


Having said all of this, the tradeoff relates to the economics of the fishery.  The essence of the tradeoff is as follows.  The larger the TAC, other things being equal, the larger will be the fleet’s gross revenues from harvesting.  The larger the CPUE, the lower will be the fleet’s unit harvesting costs, other things being equal.  Suppose, for the sake of argument, that the resource has been stabilized at the MSY level.  If the resource is then built up beyond the MSY level, and the CPUE rises as a consequence, there will be a clear tradeoff between TAC (sustainable) and CPUE.  It will make economic sense to build the resource above the MSY level, if the decline in sustainable gross revenues is more than offset by the harvest cost reductions.


We illustrate with the following standard unstructured dynamic bioeconomic model of the fishery (Clark and Munro 1975).  The model enables us to illustrate a second tradeoff as well, namely between current and future harvests.
The standard unstructured dynamic bioeconomic model is the following (Clark and Munro 1975):
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The meaning of the symbols is explained in Table 1.

The above model includes all of the non-size-related features of optimal TAC specification mentioned earlier.  It also involves dynamic economic aspects (but ignores fixed capitalization costs).

The associated optimization problem
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has the following solution.  First, there exists an optimal equilibrium stock level, x*, determined by
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where h *= G(x*).  The optimal transition to equilibrium is given by
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	Table 1. Symbols used in the models

	Symbol
	Typical Units
	Interpretation

	t
	yr
	time

	x
	tonnes
	stock biomass

	G(x)
	tonnes/yr
	natural replenishment rate

	h
	tonnes/yr
	harvest rate

	E
	SVU (std. vessel units)
	effort

	q
	/SVU year
	catchability

	R
	$/yr
	net revenue flow (or rent)

	p
	$/tonne
	price of fish

	c(x)
	$/tonne
	unit cost of harvesting

	PV
	$
	present value of rent

	(
a
	$/yr

$/SVU year                             
	discount rate

 unit cost of effort


We emphasize that the word “optimal” is being used here in a technical sense, as specified by the optimization model of Eqs. (1)-(5).  Later we will describe limitations of the model and their implications for actual management. But first we examine practical implications of the results so far, Eqs. (6)-(7).


The optimal equilibrium stock level of Eq. (6) depends on all the model parameters. Economically speaking, Eq. (6) is an instance of the “golden rule of capital accumulation.” In the present setting, the capital asset under consideration is the population of fish in the sea.  This natural capital produces a sustainable yield G(x), but fishing at a rate h can either reduce or enhance the size of the asset.  

Consider now the L.H.S. of Eq. (6).  This shows the impact of a marginal investment in the resource upon sustainable net economic returns (resource rent) from the fishery.  The impact is divided into two components.  First there is the effect through sustainable harvests, 
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.  The second term reflects the positive effect of the resource investment upon CPUE, which in turn is reflected in lower harvesting costs.  If 
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, the biomass level, which maximizes G(x), then both the first and second term on the L.H.S. of Eq. (6) will be positive.  There is no tradeoff.  If 
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, then there clearly will be a tradeoff.

What we can say is the following.  If it proves to be optimal to attempt to maximize the sustainable resource rent, sometimes referred to as Maximum Economic Yield (MEY), 
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, then we can be certain, in the context of this model, that 
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– a tradeoff between sustainable harvest and CPUE will certainly occur.

This leads to a consideration of the second tradeoff, namely between current and future economic returns from the fishery, as reflected in the discount rate, (.  The larger is (, the less will be our willingness to tradeoff current economic returns from the fishery for future ones.  If ( = 0, we do not discount future economic returns from the fishery at all, then we will have 
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Next, let us note that an open access, completely unregulated, fishery will be characterized by the resource being drawn down to a level at which [p – c(x)] = 0.  Denote this biomass level by x(.  In terms of our model, we would have 
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, if, and only if, ( = (.  There are two important implications, which follow from this.  First, we can be assured that, from society’s point of view, we will always have 
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.  The second is that the open access outcome is a reflection of the fact that, under conditions of open access, fishermen are given no incentive whatsoever to invest in the resource.  We can say that the fishermen are faced with a set of incentives, which are perverse from society’s point of view.

This particular outcome is important for the theory and practice of fisheries management.  It explains why, for example, rights-based management regimes (such as ITQs) can alter fishermen’s incentives in favor of conservation and away from overfishing.  To be more specific, an ITQ holder possesses a share in an asset whose present value reflects the future profitability of the resource.  Consequently, the ITQ holder favors management actions that retain and indeed maximize this profitability, i.e. that maximize PV in Eq . (5).

Of course, the individual fisherman could still benefit from exceeding his own quota—provided the other fishermen refrained from doing the same.  As a community, the fishermen should realize that all will benefit financially if the quotas are rigorously enforced.  (It may help, if the fishermen can devise and operate the enforcement system themselves, rather than having it imposed upon them by the government).  Because they have normal economic motives, fishermen discount the future to some extent.  They do not, therefore, favor extreme conservationist strategies that would sacrifice all short-term gains for future, long-term benefits, as would be the case with the MEY strategy.  The particular discount rate that might be employed by individual fishermen cannot be specified precisely (it may be related to the current interest rate, as charged for example for bank loans), but it is unlikely to be zero.  We discuss this further under the heading of Question 2.

The foregoing optimization model thus explains the two main tradeoffs. In particular, there is more involved in these tradeoffs than the TAC, the CPUE and ( alone.  We still need, however, to discuss the dynamic aspects of the model’s optimal harvesting strategy (see Eq.  7).  As we shall explain, this aspect of our model is unsatisfactory in practical terms.  First, however, we digress to discuss certain aspects of marketing and processing that may further influence the specification of an optimal harvesting strategy.  

Specifically, the size of individual fish in the catch can have economic implications either because large fish are more valuable in the market, or because large fish are more easily processed than small fish.  In either case, the net value of one kg of fish will be an increasing function of the average size of fish in the catch.  This fact will affect optimal harvesting strategy in favor of catching larger fish, whether through the design of fishing gear or by targetting a larger overall stock level.  Thus, taking account of size-dependent value of fish is akin to including CPUE effects in the specification of TACs.

Strictly speaking, a full analysis of size effects would require a size-structured model of population dynamics.  One way to finesse this question, however, is to assume that the average price of fish in the catch is a function of the total population biomass x, i.e., p = p(x) (Clark and Munro 1980).  The revenue function R of Eq. (3) then becomes


R = p(x)h(t) – cE(t)
  
(8)

Return to Eq. (6).  We now note that 
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 reflects the beneficial impact of resource investment upon harvesting and the price of harvested fish.  Otherwise the optimization model remains the same.  We omit further details.

We now return to the dynamic harvesting strategy.   Equation (7) describes a “bang-bang” harvesting strategy prior to reaching the optimal equilibrium stock level at x = x*.  If the fishery is initially overexploited, with x(0) < x*, this strategy consists of a moratorium on fishing until stock recovery is complete.  On the other hand, if x(0) > x*, the “optimal” strategy is to fish the stock down at the maximum feasible rate, until x = x*.  (Mathematically, the bang-bang approach strategy is a consequence of the linearity of our optimization model, Eqs. (1) to (5).)  The implications of this “bang-bang” harvesting strategy, in the case of an overexploited fishery resource, is that investment in the natural resource capital asset, x, should take place at the maximum rate.  See Eq. (1).  If there are no penalties to engaging in rapid resource investment, then this is the policy, which should be followed.  Many times, however, there are penalties associated with rapid resource investment.  In such instances, the resource investment (or disinvestment) strategies implied by Eq. (7) are decidedly non-optimal.  We consider these matters in our response to Question 2.

Question 2. What is the appropriate harvesting strategy for a population that has previously been overexploited?

If a fishery resource is deemed to have been overexploited in the past, then a program of resource investment is called for.  There can be circumstances in which a program of most rapid resource investment, through a harvest moratorium, may be appropriate.  These circumstances are not universal. however.  There are two important economic reasons why the maximum rate of resource investment may be non-optimal.


The first reason involves what economists would refer to as the “price” elasticity of the demand for harvested fish and the supply of fishing effort, E, where a can be seen as the “price” of  E.  The consequence is that both p and a (see Table 1) will be dependent upon h: 
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.  This implies that the price of harvested fish will rise, and the unit  cost of fishing effort will fall, when the harvest rate declines.

It can be demonstrated that the bang-bang strategy of Eq. (7) is now replaced by a continuous feedback strategy


h(t) = F(x(t))

(10)

were F( ) is a continuous function of the current stock level. This strategy will dynamically drive the population to a long-term equilibrium level x*, such that F(x*) = G(x*).  See Clark and Munro (1975) or Clark (1990) for details.

The practical implication of this theory is that the TAC, F(x), should be continuously stock dependent in cases where “price” elasticity is nonzero.  By the way, harvesting strategies of this kind are sometimes called “reference point” strategies, at least if F(x) is defined in terms, of, say, two reference points.  Such strategies have the additional advantage of avoiding sudden closures of the fishery in the event of minor stock fluctuations—or minor changes in stock estimates.  See Hilborn (2002) for discussion.
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The second reason that a program of investing in the resource at a maximum rate through a harvest moratorium may be suboptimal relates to the question of  “non-malleability” of capital in the form of fleet capital, and in the form of human capital, i.e. fishermen.  This term means that the fishing vessels and/or fishermen have few, if any, viable alternatives.  In these circumstances, a complete harvesting moratorium can be devastating for the fleet, and the relevant fishing communities.  The penalties for rapid  resource investment would be severe indeed.


The full dynamic problem is mathematically complex (see Clark et al. 1979 or Clark 1990), but the theory implies that for an initially overfished stock:

(a) the TAC should not be set at zero unless the current stock level is below a certain critical threshold x1, where x1 < x*  (The value of the long-term optimal equilibrium x* is again determined from Eq. (6), with cost of effort a including interest and depreciation on fleet capital.  The value of x1 is determined from the same equation, but with a limited to the variable costs of effort only.);

(b) full existing fleet capacity should continue to be deployed, unless this would severely further deplete the stock;

(c) fleet capacity should not be allowed to increase, but rather to decline from normal processes of depreciation and withdrawal;

(d) because of such wear and tear, fleet capacity will slowly decrease, and the catch rate will correspondingly decline, resulting in a gradual recovery of the fish stock.  When the ultimate optimal equilibrium x* is achieved, fleet capacity is retained at an optimal level thereafter, through regular maintenance and replacement.

The use of an ITQ, or rights-based management system, if carefully designed and implemented, will tend to encourage optimal use of existing fleet capacity, including withdrawal of excess capacity (see Question 3).

In terms of optimal TAC strategy, although the full theory has never been worked out for the case of elastic “price”, plus non-malleable capacity, it seems likely that the optimal feedback strategy would be approximately as indicated in Fig. 2.  Here there are three special stock levels,

x1 = critical stock for zero TAC

x2 = switching threshold for using full-capacity

x3 = long-term target equilibrium
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Figure 2. Approximately optimal TAC strategy for a model including price 

elasticity plus non-malleability of fleet capacity.

Although this may appear far too complicated for practical use, it actually may be quite feasible, even if the stock levels xi are only determined approximately.  In fact, the best approach might be to have x1 and x2 determined by the biologists, largely on grounds of risk management, while the TAC for x ( x2 could be determined by the industry—assuming a rights-based regime.  In this way, each group would concentrate on what it knows best, biology and marketing, for example.  Also, assigning a major management decision to the industry could lead to better cooperation between industry and scientists.

Question 3. What impact does the nature of the fisheries management regime have upon the problem of excess capacity?

Pure open-access fisheries, implying the complete absence of fisheries management, are, we assume, not being considered seriously as a resource management option.  We shall, therefore, consider the following two broad options.

1. A TAC regime, combined with a program of limited entry to the fishery.

2. A TAC regime, combined harvest rights for fishermen, typified by, but not restricted to, IQs.


In the response to Question 1, we characterized a pure open access, or common pool, fishery as one in which the fishermen have the incentive to discount wholly all future returns. The incentives confronting the fishermen, we continued, are perverse from society’s point of view, leading to overexploitation of the resources.  


The FAO has characterized the approaches to fisheries management as falling into two categories.  The first category – Incentive Blocking approaches – consists of measures taken to block the fishermen from responding to the socially perverse incentives.  The second category – Incentive Adjusting approaches – consists of measures designed to modify the incentives confronting fishermen, so that they are more in  line with society’s  best interests.


The establishment of TACs, in of and by itself, can be seen as such an incentive blocking measure.  If nothing further is done, a further set of perverse incentives confronting the fishermen will arise.  The restricted harvest now becomes the “common pool.”  Fishermen have the incentive to compete for shares of the harvest – the “race for the fish” – which invariably leads to the emergence of genuinely excess capacity, in the sense that the capacity, both in terms of vessel capacity, gear, and number of fishermen, is truly redundant, leading to economic waste and exacerbating the problem of regulating the total harvest.


The obvious approach to dealing with this second set of perverse incentives is to introduce further incentive blocking measures in the form of a limited entry program.  In order to be successful, however, the program must effectively control all of the inputs constituting fishing capacity.  Limited entry programs, certainly in developed countries, have shown a marked inability  to achieve that goal.


Ray Hilborn, J.M. Orensanz and Ana Perma, in a paper forthcoming in the Philosophical Transactions of the Royal Society (Hilborn et al. forthcoming), cite the British Columbia sable fish fishery as an example of a successful  fishery.  


The fishery was not always a successful one, however.  An IQ  system was introduced into the fishery in 1990, after a decade in which the fishery was managed through a limited entry program.  It is instructive to consider the comments of Bruce Turris on the experience with this fishery’s limited entry program.  Turris was an official with the Canadian Department of Fisheries and Oceans – Pacific Region, at the time.  The comments are taken from a paper, which Turris presented to the FAO Fish Rights 99 Conference in Australia:

Although the total number of vessels had been capped, effectively nothing had been done to cure the race-for-the-fish attributable to the “common property” nature of the fishery.  Vessel owners used whatever means available to increase their vessel’s fishing power.  Bigger boats, more crew, fishing  twenty-four hours a day, extra gear and traps, the use of packers to transport additional gear to the grounds, improved sounders, sonars, lorans, and bait loading soon became necessary, if a vessel was to compete and at least maintain its share of the catch (Turris, 2000, p. 254).


Turris then goes on to list the consequences of the unrestrained growth in capacity.  These consequences, which are common to many limited entry fisheries, include excessive costs, inferior products, hazardous working conditions for the fishermen, and inability of the resource managers to regulate the global harvest effectively (Turris 2000).


The alternative to Incentive Blocking approaches, Incentive Adjusting approaches, have become increasingly popular as a consequence of the growing disillusionment with Incentive Blocking approaches.  The Incentive Adjusting approaches have usually taken two forms, the first being through the use of taxes, or the equivalent thereof.  The second consists of the introduction of rights based management.  While the use of taxes is not unknown, the introduction of rights based management is more common.  It is upon this approach that we shall focus.


We shall use the example of IQs, but we shall also note that the same results should be achievable through the use of fishermen’s cooperatives or community based fisheries management schemes.  To begin, the IQs, if effectively implemented and monitored, should bring the race-for-the-fish to an end, since fishermen no longer have to compete for shares of the TAC.  Hence, the incentive to further expand capacity in the fishery should be eliminated.  This fact has long been recognized.


Suppose that the IQ scheme is introduced, following an unsuccessful limited entry program, with the consequence that substantial excess capacity is present in the fishery, at the commencement of the IQ scheme.  Then what?


First let it be observed that, if the excess capacity remains unutilized, with no threat of it being suddenly reactivated, with the result that the excess capacity has been effectively “defanged,” then it poses no great threat.  The question then becomes whether the IQ scheme can be expected to bring about the desired “defanging.”


This will depend, in part, on the nature of the IQ scheme.  What has been learned through practice, and through the application of economic analysis, is that the ideal IQ is one in which the IQs are expressed as a percentage of the TAC, are long term in nature, and are tradeable (i.e. are ITQs), which is to say that they become, from the perspective of the fishermen, assets. Properly speaking, the ITQs should be seen as claims to shares of the stream of expected economic net returns (resource rent) from the fishery through time.  As such, they take on many of the attributes of common shares in a corporation.


What commonly occurs, as the reformed fishery begins to produce positive resource rent, is that the resource managers demand that the ITQ holders bear a share of the resource management costs.  The ITQ holders, in turn, press for a voice in the management of the resource.


The authors have come to realize that the most fruitful way to analyse such an ITQ scheme is through the application of the theory of cooperative games, commonly applied in the economics of the management of shared fishery resources (Munro, Van Houtten, Willmann 2004).  We see as “players” the individual ITQ holders and the resource manager (the state).  We would anticipate, and do in fact observe in many instances, that the ITQ holders will have the incentive to form themselves into a sub-coalition.


The returns to the players we term “payoffs,” which we can think of as the present values of the streams of expected future economic returns from the fishery to the players.  A key reference point in the theory of cooperative games is termed the “Threat Point,” which consists of the payoffs, which the players would receive under non-cooperation.  In our fishery case, we can think of this as the payoffs, which the players would receive under the alternative limited entry non-ITQ program.


In order for the cooperative arrangement to survive, cheating, or what we might call defection, by ITQ players must be effectively controlled.  In addition, free riding, i.e. poaching, by non ITQ holders must also be effectively controlled.  Beyond  this, there are two minimum conditions, which must be met, if the cooperative arrangement is to be stable through time.  These conditions can be described in terms of Individual Rationality and Collective Rationality.


The condition of Individual Rationality is simply that each and every player must see itself as being better off (or at least as well off) under cooperation as it would be under non-cooperation.  That is to say each and every player must be assured a payoff, under the cooperative arrangement, which is at least as great as its Threat Point payoff.  The condition of Collective Rationality is that it must not be possible to move to another cooperative management program, which would make at least some players better off, without harming the remaining ones.


Now consider  the question of excess capacity, present at the beginning of the ITQ programme.  If excess capacity is not “defanged,” if it is allowed to dissipate resource rent, this violates the condition of Collective Rationality.  Since all “players” are sharing in the global resource rent, enhancing the global resource rent by “defanging” capacity should benefit all.  Thus, there should be a strong collective incentive to defang such excess capacity.


An example is provided by a cooperative established for offshore factory-freezer trawlers in the pollock fishery off of Alaska – the Pollock Conservation Cooperative.  Prior to the establishment of the cooperative, the fishery had been a limited entry fishery characterized by serious overcapitalization.  For political reasons, it was not possible to establish an IQ regime in the fishery.  The cooperative serves as an alternative means of establishing an offshore rights based fishery.


Initially, there were 20 vessels in the fleet.  One vessel owner sold out entirely and forfeited its right to fish in all U.S. waters, not just Alaskan waters.  The remaining vessels are restricted by government regulations, with respect to operating in other fisheries.  This was designed to prevent a “spillover” of fishing effort into other fisheries.  In any event, the vessels are not readily transferable out of the fishery.


Not all of the 19 vessels are actually used in the fishery.  The less efficient ones are, as the Alaskan fishermen might say, effectively “mothballed” – tied up at the pier.  To use all the vessels in the fishery would reduce the global resource rent.  This is an example of Collective Rationality at work (see http://www.atsea.org).


Needless to say, owners of vessels, which remain tied up at the pier, must be sufficiently compensated by fellow cooperative members to ensure that they are at least as well off as they would be under non-cooperation. The use of such compensation – side payments in the terminology of the theory of cooperative games – is a device commonly used to ensure that the maximum benefit from cooperation is achieved, while ensuring at the same time that the Individual Rationality condition is not violated. 
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Figure 1. Optimal feedback harvest strategy F(x) with “price” elasticity
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