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Summary

This report explains the concept of maximum economic yield (MEY) and why it is an appropriate target for fisheries. The report also provides illustrative case studies of its actual and potential use in the management of key Commonwealth fisheries, including the Northern Prawn Fishery and the Southern and Eastern Scalefish and Shark Fishery. The focus is on the path to MEY and the target itself. In all cases, the best path to MEY and the target imply that returns to the fishery are maximised.

Effective management of harvesting within fisheries requires the setting of a management target for the stock biomass of the fishery. Common targets are harvest strategies that maintain the stock biomass at levels of MEY of a fishery, or those that provide a maximum sustainable yield (MSY).

From an economic perspective a management target of MEY is preferred, and is the target specified by the economic objective of the Commonwealth Fisheries Harvest Strategy: Policy and Guidelines. This objective specifies that fisheries need to be managed in a way that maximises net economic returns to the Australian community from management of Australian fisheries. It is clear that MEY can generate maximum profits and that this outcome is guaranteed regardless of the price of fish or the cost of fishing. In some cases, when the price of fish is low or the cost of fishing is high, actual profits will be low, but they will still be at their maximum if the MEY target, or the path to MEY is achieved. Also, in many cases MEY is 'conservationist' in the sense that stocks will be larger than stocks at MSY, and this in itself can confer enormous benefits to the fishery and its ecosystem, including protecting the fishery against large negative shocks to the fish population, since larger stock levels generally imply greater resilience. However, the management structure, stock level and nature and extent of fishing effort or harvest strategies that generate MEY depends on a combination of biological and economic factors, including the relationships between harvest, stocks and recruitment and on the way in which fishing behaviour, revenue and costs relate to those factors.

Bioeconomic modelling provides the most complete assessment of efficiency and MEY analysis. These models require significant information on costs of fishing, prices, and fish biology. Bioeconomic models are usually optimisation models. That is, they are used to estimate a set of control variables, such as fleet size, effort or catch that maximise a given variable, such as profit. The key inputs to a bioeconomic model are fishing costs, effort and catch, prices and the prevailing biology of the stock/species being assessed; and are usually described by the current stock assessment. In most cases, the major factors that influence MEY are cost of inputs and price of outputs. To account for uncertainty in these parameters it is important to create bioeconomic models that are stochastic. It is also important to note that the target value of MEY changes with a change in the price of fish or the cost of fishing. Higher costs of fishing, for example, require 'larger' stocks to maximise returns, whereas an increase in the price of fish implies that stocks should be lower.

The effect of various parameters on the path to MEY in a generic dynamic fishery model is analysed in this report. The model is formulated as a continuous time optimal control model with uncertainty components. The analysis is focused on what will happen to the optimal harvest path or the specific path to MEY when there is a shock to the fish price, fishing costs and discount rate. The estimated results of the generic model indicate that a decrease in the price of fish, an increase in fishing costs, or a decrease in the discount rate will result in a smaller MEY harvest or larger MEY biomass. The path to MEY changes in a clearly definable way in each circumstance and is a direct outcome of the optimisation model.

As an example, the report analyses a case study for the Northern Prawn Fishery. Using a weekly dynamic bioeconomic model for the MEY effort strategy over the next five years, the estimated results indicate a clear strategy of building tiger prawn biomass by reducing effort in the fishery.

As another example, the MEY analysis for the Southern and Eastern Scalefish and Shark Fishery is also discussed. Results for eight major fish resources—Cascade zone orange roughy and Eastern Zone orange roughy, spotted warehou, both trawl and auto-longlining ling, flathead, gummy and school sharks—are estimated. These results indicate that stock rebuilding is needed to maximise profits in some Commonwealth fisheries.

1.   Introduction

Fisheries resources have the potential to generate net benefits or welfare for the community, but this potential is only realised with effective management of fishing effort. Without management of fishing effort, fisheries tend to an outcome where too many of society's resources are devoted to fishing and where the opportunity for society to earn the maximum possible returns from fishing over the longer term is lost. At a fishery level, effective management implies that a management objective/target is set and enforced—either in the form of input controls or output controls—at levels that ensure remaining stock (after harvest) remains both sustainable and at a level that ensures maximum economic yield (MEY) is obtained. The biomass level associated with a MEY is referred to as BMEY when MEY is being measured against the total stock size and SMEY when MEY is being measured against the spawning stock size. The MEY yield will be one that provides the maximum possible returns to fishers from their effort, given the biological characteristics of the stocks/species the fishery targets and the requirement of biological sustainability.

The Department of Agriculture, Fisheries and Forestry (DAFF) released the Commonwealth Fisheries Harvest Strategy: Policy and Guidelines in September 2007. It provides a framework for managing Commonwealth fisheries, with an aim to maximise net economic returns while maintaining stocks at biologically safe and productive levels. Specifically, harvest strategies based on the policy and associated guidelines seek to:

· maintain fish stocks, on average, at a target biomass equal to the stock size required to produce MEY (where known)

· ensure fish stocks will remain above a limit biomass level where the risk to the stock of biological collapse is regarded as too high

· ensure stock stays above the limit biomass level at least 90 per cent of the time.

To achieve the aims of the policy, the Australian Fisheries Management Authority (AFMA) requires harvest strategies that seek to maintain fish stocks, on average, at a target biomass equal to the stock size required to produce MEY. Various government policy statements have affirmed the importance of managing for economic considerations (see DAFF 2003; DPIE 1989), as have key pieces of fisheries management legislation, such as the Fisheries Management Act 1991 (Cwlth). The current wording of the economic objective in the Act states that AFMA must pursue maximisation of net economic returns to the Australian community from management of Commonwealth fishery resources, where possible.

Harvest strategies are now in place for a number of Commonwealth fisheries. However, use of MEY as a target for these fisheries is yet to be fully applied in practice. To date only the tiger prawn stocks of the Northern Prawn Fishery are managed in a way that directly targets maintenance of the stock biomass at a level consistent with MEY. The Southern and Eastern Scalefish and Shark Fishery is using a MEY proxy, or 1.2 times the biomass associated with achieving a maximum sustainable yield (BMSY) for managing tiger flathead stocks. Many other fisheries have found application of MEY a difficult concept to integrate into their harvest strategies, owing to lack of information on the biological and economic characteristics of the fishery and target stocks.

An economically efficient fishery will have three characteristics, namely:

· Total catch and/or effort are restricted to the point that maximises net economic returns over time allowing for the future costs of fishing and the impact of current catch on future stocks and catches—this prevents fishers from expanding their effort until all profits are dissipated. This is known as fishery level efficiency.

· Revenues are maximised and catching costs minimised for a given quantity of catch. While fishers can be relied on to choose the combination of inputs that minimises costs and maximises revenue for their particular operation (given the constraints imposed by fisheries management), management measures used in a fishery can have a significant impact on the costs and revenues of fishing. This is known as vessel level efficiency.

· Fisheries management services are provided effectively and at least cost for the given level of management (not necessarily at lowest cost overall). This is known as management efficiency.

This report explains the concept of MEY and why it is an appropriate target for fisheries, and provides examples of its actual and potential use in managing key Commonwealth fisheries. Chapter 2 provides an illustration of the relationship between target and path in MEY, and how MEY and its path can be calculated using an MEY analysis for the Southern and Eastern Scalefish and Shark Fishery as an example. Chapter 3 discusses the practical considerations of the discount rate and the divergence between private and social discount rates in MEY analysis. Chapter 4 analyses a generic dynamic fishery model with both deterministic and stochastic settings and the impacts of fish price, fishing costs and the discount rate on the MEY path. Chapter 5 provides a case study of the MEY analysis of the Northern Prawn Fishery. Chapter 6 provides some practical considerations for moving to a MEY target.

2.   Estimation of maximum economic yield

Maximum economic yield as a management target

Effective management of harvesting within fisheries requires the setting of a management target for the stock biomass of the fishery. Harvest strategies that maintain the stock biomass at levels that provide maximum economic yield (MEY) of a fishery, or those that provide a maximum sustainable yield (MSY) are two examples. Achieving such targets requires the control of the harvest that fishers extract from the fishery (or overall effort levels) during a given period of time.

Fisheries managers typically use either input controls, such as vessel size and gear restrictions, or output controls, such as setting total allowable catch limits, or a mix of both to control harvest. The harvest size required in each fishery to meet management's specified target for the fishery changes over time in line with changes in economic and biological conditions affecting the fishery. Hence, managers need to consider all these factors when moving from one harvest level to another. For example, the issues that can influence the magnitude of the costs and benefits along the optimal transition path to harvest levels consistent with management targets and also change which path is optimal are, irreversible investment decisions, society's preference for present consumption over future consumption, prevailing management arrangements, and uncertainty about biological stock status and more complex biological dynamics.

A common objective in fishery management, both internationally and in Australia, has been to maximise the sustainable catch of a fishery—deriving the MSY from applied effort. While this target maximises the gross value of production for a fishery, it does not ensure that the fishery is maximising economic returns. Depending on the price of fish and the cost of fishing it is also possible that economic returns from fishing at MSY may be zero or negative.

If harvest strategies concentrate on sustainable yields alone, economic efficiency occurs when the sustainable catch or effort level for the fishery as a whole maximises profits, or creates the largest difference between discounted total revenues and the total costs of fishing. This point is referred to as MEY. For profits to be maximised it must also be the case that the fishery applies a level of vessel capital and other resources in combinations that minimise the costs of harvest at the MEY catch level. The fishery, in other words, cannot be over-capitalised and vessels must use the right combinations of such inputs as gear, engine power, fuel, hull size, and crew to minimise the cost of a given harvest.

There are several things to note about MEY at the outset. First, for most practical discount rates and costs, MEY will imply that the equilibrium stock of fish is larger than that associated with MSY. In this sense the objective of achieving a MEY target is more 'conservationist' than MSY and should in principle help protect the fishery from unforeseen or negative stochastic environmental shocks that may diminish the fish stock size. Second, the catch and effort levels associated with MEY will vary, as will profits, with a change in the price of fish or the cost of fishing. If the price of fish increases it pays to exploit the fishery more intensively, albeit at yields still less than MSY. If the cost of fishing rises, it is preferable to have larger stocks of fish and thus less effort and catch. Finally, as long as the cost of fishing increases with days fished, as it generally will, MEY as a target will always be preferred to MSY from an economic perspective, and of course to any catch or effort level that corresponds to stocks that are smaller than those associated with MEY. Regardless of what happens to prices and costs, targeting catch and effort at MEY will always ensure that profits are maximised. Profits may be relatively low when the price of fish is low and the cost of fishing is high, but profits will still be maximised. With a biological target of MSY alone, however, it is possible that profits may be very small or even zero. According to Grafton et al. (2010) even though fisheries economists have explored the concept of MEY over many decades, it is only recently that dynamic MEY has started to become accepted as an important and implementable target in fisheries management, such as in the Northern Prawn Fishery in Australia.

Illustration of maximum economic yield

The management structure, stock level and nature and extent of fishing effort that generates MEY depend on a combination of biological and economic factors. In particular, it depends on the relationships between harvest, stocks and recruitment and on the way in which fishing behaviour, revenue and costs relate to those factors. To understand these relationships it is useful to begin with some fundamental and stylised biology of a fishery (see Grafton et al. 2006; Kompas et al. 2009). Figure 1 describes a basic surplus-production model of a fishery, showing yield or net additions to the stock of fish on the vertical axis (what might also be called recruitment) and the stock of fish on the horizontal axis. To keep things simple, all fish are assumed to have the same length and age, whether they are new additions to the stock of fish or exiting members, so there are no cohort effects. Also, assume there is no uncertainty about the state of nature.

1. Surplus-production model
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Notes: SMCC = stock at maximum carrying capacity, SMSY= stock at maximum sustainable yield.

Following Grafton et al. (2006), the curved line in figure 1 shows the growth in the stock of fish, or yield, for every possible stock size, or what is normally referred to as density dependent growth. Recruitment rises as the stock of fish increases, and then falls as the stock of fish begins to 'crowd' the environment and reaches a limit on such things as food supply. Stock at maximum carrying capacity (SMCC) thus defines the maximum number of fish the environment will support. With no fishing, the stock of fish will naturally increase (represented by the arrows moving in the right-hand direction) to this point. Sustainable harvest, on the other hand, occurs when harvest matches yield, or catch is just sufficient to capture new additions to the stock of fish, at any given stock level. In this sense, each point on the yield curve represents a point of potential sustainable harvest; with stock at maximum sustainable yield (SMSY) generating the largest potential catch.

To translate figure 1 into familiar economic terms, first assume for now that the price of fish is given—as would be the case for a fishing industry that is competitive and faces given world prices for fish—and for convenience set it to one dollar. In that case the yield curve, representing sustainable harvest levels, would simply measure the total revenue from each sustainable catch. Second, it is usually more convenient to measure effort (as nominal days fished or trawl hours depending on the context) on the horizontal axis, rather than stock. To make this transformation, requires only a recognition that increases in effort result in a fall in stock. In other words, the two variables generally move in opposite directions. Accordingly, figure 2 measures total revenue (TR) in the fishery as a function of effort.

2. Relationship between total revenue and effort
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Note: TR = total revenue.
The stock-yield diagram has thus been flipped 180 degrees, and the origin now represents stock at maximum carrying capacity and the intercept with the largest amount of effort corresponds to a zero stock of fish. Compared with figure 1, a stock of fish that is plentiful, or 'high stocks', thus occurs on the left-hand side of the diagram and stocks that are thin, or 'low stocks', occur on the right-hand side.

Nothing has yet been said about the cost of fishing. Again, to keep it simple, assume that all fishing vessels are identical and that the total cost (TC)—including the cost of fuel, crew, bait, gear, and so on—of fishing is proportional to the amount of effort applied in the fishery, and that fixed costs are zero, so that at zero effort TC also equals zero. Assume as well that TC includes the opportunity cost of using vessel capital and all other inputs, or includes returns that could have been obtained in the next best employment (for example, the average return on a bank deposit). Total cost would thus account for the 'normal rate of return' on investment. Figure 3 combines TR and TC in one diagram. The result illustrates an important outcome; that of a common property equilibrium (CPE). As illustrated, a CPE occurs at the point where TC equals TR, or where economic profit (allowing for the opportunity cost of investment and thus distinct from accounting profit) is zero, at point B.

3. Common property equilibrium

[image: image3.png]low stocks

rt

e




Notes: TC = total cost, TR = total revenue, E0 = initial effort level, E8 = effort at the common property equilibrium.
Why is a CPE a point of equilibrium or resting point for the fishery? First, it represents a sustainable harvest. Second, those points to the right of effort levels at the CPE will necessarily imply that total costs are larger than total revenues, or that profits are negative. This must imply that it would be better for firms to employ their capital in their next best alternative use and in any case, with negative profits, firms will eventually fail and leave the fishery until point B is again obtained. In the case where vessels differ, those that are the least efficient, or have the highest cost of fishing, will normally leave the industry first.

Points to the left of B illustrate the proverbial 'tragedy of the commons' that is associated with every CPE. For example, at an initial effort level (E0), profits are positive and measured by the distance AC. Profits are large in this case because stocks are 'thick' or 'large' and the cost of fishing is relatively low for two reasons. First, since less time is spent fishing, fuel costs and all other variable costs will be low, and second, 'thick' stocks imply that the cost per unit of harvest effort will also be lower. With larger stocks, each cast of the net, so to speak, catches more fish. However, in an unregulated or open access fishery, the existence of positive economic profits—over and above the average rate of return that could be obtained elsewhere—induces new fishing vessels to enter the industry and those vessels already in the fishery to expand effort and capture the extra profit. As long as profits are positive, this will continue to occur until point B, where there is no further incentive to expand effort. This is the tragedy of the commons. When all vessels act in this way, the stock of fish falls and the per-unit cost of fishing rises until all profits are dissipated. If any one vessel decides to limit fishing effort and conserve stocks, while others do not, that vessel will be relatively worse off. All vessels, acting in their own interest, are induced to fish more, but since those vessels that increase effort do not take into account the effect of their fishing activity on other vessels in the fishery—including the increased cost of harvest as a result of stock depletion—eventually all vessels are worse off. Indeed, in this sense, point B is undesirable in two senses: first, because profits are zero and the cost of fishing is high; and second, it would have been possible to obtain the same catch with less effort, lower costs and larger stocks at point A.

The case of a CPE makes it clear how profits can be maximised in a fishery, or how to find the point of MEY, assuming for the moment a zero discount rate. In figure 4 this occurs at the effort level E* and corresponding value of catch $R that creates the largest difference between the total revenue and total cost of fishing, thus maximising profits, given by the difference between $R and $C.

4. Maximum economic yield
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Notes: TC = total cost, TR = total revenue, E* = effort at maximum economic yield, E8 = effort at the common property equilibrium, $R = revenue at maximum economic yield, $C = fishing cost at maximum economic yield, R* = profit level at maximum economic yield.

As drawn, the comparison of point A to point B implies that not only are profits maximised at A, but the value of harvest (both yield in physical terms and the value of catch in terms of revenues) has also increased compared with the CPE. The reason that profits are now larger at point A, is not only that TR has increased, but, given that stocks of fish are larger and the amount of 'days' spent fishing is smaller, the cost of fishing has also fallen, indexed by a move from point B to point C. In many fisheries this is often not the case, that is, the cost of fishing is already sufficiently high (simply rotate the TC curve closer to MSY, implying a fall in effort at MEY), so that moving from a CPE (point B) to MEY (point A) requires a fall in harvest and revenues.

Through a little redrawing of the diagram it should also be clear what the effects on MEY are from an exogenous change in the price of fish or the cost of fishing. An increase in the price of fish, for example, results in a shift upward of the TR curve at all effort levels, leaving the intercepts unchanged. For a given cost curve, the point of MEY moves closer to MSY, and in this diagram never beyond MSY as long as the cost of fishing increases with effort. The more valuable landed fish are, the more it pays to work the fishery harder, and thus decrease the equilibrium stock of fish. With increases in cost, or a rotation leftward of the TC curve, MEY moves further away from MSY since with more costly harvest it pays to have larger stocks from which to catch. It follows that a fall in the price of fish and an increase in costs—common in Australia given the recent appreciation of the dollar and the rising cost of fuel—implies a smaller fishery in order to maximise profits, with lower harvest and less effort. The value of a MEY target is that regardless of prices and costs occurring in domestic and world markets, profits will always be maximised. They will be low when prices are low and costs are high, but they will still be at their highest possible value.

Three important caveats

Three important caveats to the discussion above are that:

· the diagrams illustrating MEY presuppose a zero rate of discount

· there is a single fish species in the fishery

· the population biology and all relevant economic functions and parameters are assumed to be known and not subject to any uncertainty about the state of nature or the economics of the fishery.

First, the discount rate is the interest rate at which future income or catches are valued today. A case can be made for a zero discount rate in common property resources, but it is accepted practice to assume some positive interest rate to account for the fact that a harvest in the future is worth less than a harvest today. If so, it implies a modified version of MEY is appropriate, in that a positive discount rate moves optimal effort and catch closer to MSY. In other words, if current catch is valued more highly than future catch it pays to work the fishery harder today, with smaller equilibrium stocks of fish. It is even possible that if the discount rate is high enough, that MEY today will correspond to stocks that are smaller than that associated with MSY. It will generally depend on the strength of the stock effect in either the harvest or cost function. If the stock effect (or the extent to which the cost of fishing increases with a fall in the stock of fish) is high, even high discount rates will still imply MEY is at 'thicker' stocks than those associated with MSY.

In general terms, it is not hard to show that if the discount rate becomes infinitely large, MEY will correspond to a CPE, and at a zero discount rate MEY will be exactly as portrayed in figures 1 to 4 (Clark 1990). A positive discount rate will place MEY somewhere in between these two extremes. In practice, for most fisheries that are productive—with reasonably large intrinsic rates of biological growth—and with discount rates that reflect normal rates of return (for example, 5 per cent or less), it will almost always be the case that this modified MEY will occur to the left of MSY in figure 4, or at stock sizes that are larger than those associated with MSY (Grafton et al. 2007). This is an important point. For practical fisheries and discount rates, MEY will normally be more 'conservationist' than MSY, or a comparable biological target. In principle this should help protect the fishery from unforeseen or negative stochastic environmental shocks that may diminish the size of the fish population.

This point is strengthened if relevant cost considerations are also taken into account. The implication of a cost of fishing that increases with stock depletion, at an increasing rate—what economists refer to as convex cost functions in terms of stock; ones that would probably characterise most fishing activity—is to move optimal catch and effort further to the left of MSY. If it is more costly to fish as stock decreases, and if this cost increases at an increasing rate, it pays to have even larger stock sizes than that depicted at MEY in the above figures. This will offset the effect of the discount rate.

Second, the MEY figures also assume a single species fishery. Multi-species fisheries create complications in a number of ways. Biological interaction of species calls for relatively complicated models, such as predator-prey models, where the notion of sustainability itself becomes difficult to define. If the interactions mostly occur 'above the water', so to speak, or in terms of the profitability of the vessel, the bioeconomic model must account for differing prices across species, the value of target versus bycatch species, effort split across target species, and the likelihood that the cost of fishing, and specific cost functions, vary across individual species. It is possible to model all of this, but determining the value of MEY for each species becomes more difficult.

Finally, the analysis assumed that the population biology and all the relevant economic functions and parameters were known and not subject to any uncertainty about the state of nature or the economics of the fishery. This of course will rarely be the case. One source of uncertainty is a lack of complete biological data and the nature of the stock-recruitment relationship (the yield curve in figure 1). In some cases natural variability in stocks may make it all but impossible to even estimate a yield curve, and thus the relationship between total revenue and effort. (Natural variability implies that the TR curve shifts up and down in a hard-to-predict fashion). The calculation of MEY requires that a stock-recruitment relationship be specified and if there is uncertainty in that relationship, the measure of the standard deviation must also be known or estimated. Another source of uncertainty is the price of fish and the precise cost of fishing. These must be forecast and forecast errors are common. If these errors are systematic, then efficiency gains from targeting MEY will be lost. With uncertainty taken into account, it is not unreasonable to approach an estimated MEY target in a slow way, with adaptive management responses to changes in prices, costs and the underlying biology of the species the fishery harvests.

Why maximum economic yield?

As analysed it can be seen that MEY can generate maximum profits and that this outcome is guaranteed regardless of the price of fish or the cost of fishing. It can also be seen how MEY is 'conservationist' in the sense that stocks will be larger than at MSY, and this in itself can confer benefits to the fishery and its ecosystem, and protect the fishery against large negative shocks to the fish population, since larger stocks generally imply greater resilience in the face of these shocks. But there is another, equally compelling reason for pursuing MEY. The issue is one of resource allocation. Effort levels larger than maximum economic yield (EMEY) would imply more vessels, days at sea, gear, crew, bait and all of the other inputs used in fishing—resources that could be used instead in alternative employment. This is what economists mean by efficiency for the economy as a whole. If too many resources are being expended in fishing, too little are being used elsewhere. Moreover, as long as the right instruments to facilitate adjustment are in place—instruments that allow for trade in secure and specific property rights, such as the right to a share of harvest—it follows that decreasing the size of an overexploited fishery will make no one worse off and many better off by compensating those that leave the fishery for their lost income, while providing more profit for those that remain in the fishery. That is the nature of an optimal position given by MEY.

Estimation of the maximum economic yield for a fishery

A number of alternatives are available for assessing the economic efficiency of management arrangements in a fishery. Bioeconomic modelling provides the most complete assessment of efficiency. These models require significant information on costs of fishing, prices, and fish biology. In addition, construction of these models is complicated by real world phenomena, such as the existence of multi-species fisheries and by uncertainty surrounding the parameters used in the model. Hence, in some cases data limitations and cost considerations may preclude the building of a bioeconomic model to calculate the MEY potential of a fishery. In these cases suitable proxies for MEY will be required. For Commonwealth fisheries there are MEY models for:

· five species in the Southern and Eastern Scalefish and Shark Fishery 

· two species in the Northern Prawn Fishery 

· albacore in the Eastern Tuna and Billfish Fishery.

In principle, any fishery with a dynamic stock-recruitment relationship and a current stock assessment can have a MEY target estimated in a bioeconomic model. Kompas and Che (2004) provide an applied bioeconomic model for the Northern Prawn Fishery. An extensive analysis of this case is provided in chapter 4.

Bioeconomic models are usually optimisation models. That is, they are used to estimate a set of control variables, such as fleet size or aggregate catch, that maximise a given variable, such as profit. The key information inputs to a bioeconomic model are fishing costs, effort and catch, prices and biology. Over a number of years, ABARES has identified key sources for these information requirements. The usefulness of these sources varies by fishery. Use of bioeconomic models to calculate MEY for multi-species fisheries usually involves setting an objective function that maximises the economic returns from the fishery as a whole. Kompas et al. (2009) provide an example for the Southern and Eastern Scalefish and Shark Fishery (see box).

	Estimation of MEY for the Southern and Eastern Scalefish and Shark Fishery

The Southern and Eastern Scalefish and Shark Fishery (SESSF) is a multi-species fishery, comprising four main sectors. Output controls (typically in the form of a total allowable catch (TAC) for fish species managed under each sector) are a key management tool used to control the biomass size of key species in each sector. Fisheries managed in this way typically also use input controls such as gear and vessel limitations.

Kompas et al. (2009) concentrated on eight fish resources in the trawl and longline sector of the SESSF: orange roughy (in the Eastern Zone and Cascade Zone), spotted warehou, ling, flathead, gummy and school sharks. These species together cover the bulk of the gross value of production (GVP) in the SESSF, and all are targeted, with different vessels and fishing methods operating simultaneously in the fishery. Solutions to the bioeconomic model are obtained by maximising discounted profits subject to a specification for harvest functions—the production function mapping fishing inputs to the harvest of fish—and the appropriate stock-recruitment relationship. The discount rate is assumed to be 5 per cent. Optimal results for all species indicate that stock rebuilding is needed to maximise profits in all cases.

Constructing a bioeconomic model for a multi-species fishery, such as the SESSF, requires a large dataset on economic variables, such as costs and prices, and data that describe the biological interactions in the model. Data on fishing costs—including capital costs, labour costs, material costs and other variable costs—are provided by the ABARES fishery survey program, and fish prices are computed for 2007 from ABARES (2010a).

The fuel cost is the major component of material costs. Effort and catch data are provided by AFMA logbook data for 2007 (AFMA 2010). All initial conditions for biomass are taken from virgin or unexploited biomass measures provided by Smith and Wayte (2004) and Tuck (2006, 2007). The discount rate is assumed to be 5 per cent. The planning horizon for the stochastic optimal control model is assumed to be 100 years, although convergence to steady state values is much shorter, especially for ling, spotted warehou and flathead.

The optimal harvest strategy derived by the model for the SESSF reported in Kompas et al. (2009) is provided in table 1.

In all cases the ratio BMEY/BMSY is greater than one, implying a substantial 'stock effect' in either the harvest function or the cost of fishing. However, this value varies from 1.06 for flathead to 1.53 for orange roughy. Also, in all cases, optimal initial TAC (that is, the TAC value that is consistent with convergence to MEY) is less than harvest at MEY, implying the need for stock rebuilding, or lower harvests on the path to MEY. With stock rebuilding, the cost of fishing will fall in the future and profits will rise. In all cases, except orange roughy, optimal initial TAC is less than the TAC in 2007, although not necessarily less than the actual harvest in 2007. Pursing MEY implies positive amounts of harvest in orange roughy, both at MEY and in terms of the optimal initial TAC. As expected, the time to convergence is very long, in the order of 70 years or more to reach within 5 per cent of MEY. However, the plan for orange roughy harvest in 2008 was to set the TAC at zero given their substantially depleted stock size. This may be justifiable given environmental factors and the possibility of collapse if stock sizes for orange roughy (in some cases less than 15 per cent of virgin biomass) are too small. The MEY model did not allow for such depensation effects.


1 Harvest strategy on the MEY path for the Southern and Eastern Scalefish and Shark Fishery

	species
	BMEY/BMSY
	MEY harvest
	optimal initial TAC
	TAC 2007
	actual harvest 2007

	Commonwealth Trawl Sector

	Orange roughy in the Eastern Zone
	1.20
	1 200
	340
	76
	12

	Orange roughy in the Cascade Zone
	1.53
	690
	500
	485
	151

	Spotted warehou
	1.10
	4 100
	3 100
	4 512
	1 931

	Ling (trawl)
	1.29
	1 300
	800
	1 538
	932

	Flathead
	1.06
	3 880
	2 990
	4 197
	2 782

	Gillnet, Hook and Trap Sector

	Ling (auto longline)
	1.18
	500
	450
	-
	-

	Gummy shark (Gillnet)
	1.22
	1 500
	1 110
	2 509
	1 586

	School shark (Gillnet)
	1.20
	200
	150
	360
	169


Notes: BMEY = biomass associated with maximum economic yield, BMSY = biomass associated with maximum sustainable yield, MEY = maximum economic yield, TAC = total allowable catch. TAC for ling includes both trawl and non-trawl sector, orange roughy catch is for both the Eastern and the Cascade Zones. Harvest amounts are in tonnes.

Source: AFMA 2010, Logbook data for the Commonwealth fisheries, and previous issues, unpublished, Australian Fisheries Management Authority, Canberra.

The major factors that influence MEY are cost, price, discount rate and change in the biology, or the stock-recruitment relationship, and available biomass. To account for uncertainty in these parameters it is important to create bioeconomic models that are stochastic. This involves establishing plausible probability distributions around uncertain parameters and running multiple simulations that settle on expected mean outcomes. Finally, over time bioeconomic models need to be recalibrated to incorporate new information.

Proxies for maximum economic yield

In the absence of a formal calculation of the target fish stock biomass that would yield the harvest size that maximises the profitability for a fishery over time, or MEY, the Commonwealth Fisheries Harvest Strategy: Policy and Guidelines direct fisheries managers to choose a proxy for this biomass in the setting of a TAC for the species/stock. A proxy for MEY is any reasonable variable that has some correlation with where the biomass associated with MEY lies for a particular fishery.

In single species fisheries where BMEY is not determined, a proxy of BMEY at a level 20 per cent higher than a given proxy for BMSY (or 1.2 BMSY) is to be used. In the case of multi-species fisheries, judgement needs to be exercised. In this case, AFMA may approve the use of alternative proxy for BMEY if it can be demonstrated that a more appropriate alternative exists (DAFF 2007).

In some larger Commonwealth fisheries, such as the Eastern Tuna and Billfish Fishery and the Southern and Eastern Scalefish and Shark Fishery, the proxies for BMEY have been used. However, it is difficult to establish a suitable proxy for BMEY for many smaller fisheries as biological and economic data are poor. In many smaller fisheries—where annual GVP is less than $4 million—the cost of gaining information about the biological and economic status is high relative to the gross value of production. In the absence of information for calculating a proxy BMEY, fisheries managers frequently take a precautionary stance in managing the fishery, and have typically set trigger points. Some key trigger points suggested by DAFF (2007) are catch, effort or catch-per-unit effort (CPUE) where these values are greater than that from a range of reference years, or mean value over a number of years, or greater than an upper limit.

3.  The discount rate

In economics, discounting refers to assignment of weights used to multiply future costs and benefits so as to convert them into a common unit defined in terms of the present value of costs and benefits. Discounting is used in cost benefit analysis when deciding whether it is worthwhile to make decisions or investments today that will generate future costs and benefits.

A commonly used decision rule in cost benefit analysis is that if the sum of the present value of net benefits (benefits less costs) over all time periods is positive, defined as the net present value, then the investment is deemed to have a positive rate of return over the defined planning period. Thus, under such a decision rule, it would be worthwhile to 'invest' in a fishery or to rebuild its biomass only if the net present value were positive.

The discount factor and discount rate

The weights used to convert future costs and benefits into present value terms are called the discount factors. The size of the discount factor is determined by the time period in which the future benefits and costs occur and also the discount rate. The standard approach to discounting in economics and public decision making has been to fix the discount rate as a constant that is invariant to time, as defined by equation (1):
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where Dt is the discount factor at time t, or the weight used to convert future costs and benefits ait time period t into present value terms defined when t = 0, and r is the constant discount rate. An important outcome when using a constant discount rate (r) is that the discount factor declines exponentially over time. For example, at a constant discount rate of 3 per cent (r = 0.03) the discount factor is approximately 0.23 at t = 50, 0.05 at t = 100 and 0.0027 at t = 200. Consequently, even very large costs and benefits received many years into the future become small in present value terms. It also follows that a high discount rate virtually guarantees inaction today if the benefits occur many years into the future when the costs are incurred in the present and near future. For instance, at an 8 per cent discount rate the present value of$1000 in 1+0 years is only worth $0.45 while at a 2 per cent discount rate it is worth $138. Taken to the extreme, this means that 'catastrophic' losses far into the future, such as the collapse of a fish stock, should be of no concern to the present generation of fishers even if they could be avoided at a modest cost today. Practically, this means that benefits and costs that occur over the longer term, even at low constant discount rates, become inconsequential in investment decisions that are determined solely by the size of the net present value.

Declining discount rates

Concerns over the small weights attached to future costs and benefits far into the future have led some economists to propose discount factors that incorporate a declining discount rate (DDR). Such an approach is supported by experimental evidence that suggests individuals use a different discount rate depending on how far into the future the costs or benefits occur. For instance, most people would use a higher discount rate when choosing between consumption now and one year hence than when comparing consumption 25 years hence.

Another justification for a declining discount rate is if decision makers are uncertain about what should be the appropriate discount rate in the future. In this case, a certainty equivalent discount rate (CEDR) can be calculated that would depend on the assigned probabilities that any of the possible discount rates will be the correct rate. For example, if there are two possible values for the discount rate (r1 and r2) t years into the future, and each occurs with the same probability (50 per cent), then the CEDR would be calculated as follows:
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An important result of the certainty-equivalent approach is that larger discount rates get progressively less weight in the discount factor the larger is t. In fact, the CEDR converges asymptotically to the lowest possible future discount rate if the possible discount rates persist forever. How fast the CEDR declines in practice depends on the probability assigned to the different possible discount rates.

In a study that involved a survey of over 2000 economists Weitzman (2001) suggested each respondent provide a constant discount rate to be used for cost-benefit analysis. It was found that the distribution of these responses resembled a gamma distribution with a mean discount rate of 4 per cent that could be used to provide a schedule for declining discount rates. Based on the survey finding Weitzman suggested that a society should use a discount rate of about 4 per cent when converting future costs and benefits to present value terms in the near future, but that this rate should decline to close to zero for periods in the far-distant future. This approach has been adopted by the UK Treasury (Her Majesty's Treasury 2003). It recommends discount rates of 3.5 per cent for periods between 0 and 30 years, 3.0 per cent for periods between 31 and 75 years, and 2.5 per cent for periods between 76 and 125 years, with subsequent falls to reach 1 per cent at 301 or greater years.

A potential problem with the use of declining discount rates is the so-called 'time inconsistency' problem. This is used to describe the possibility that a decision to invest in a project may be desirable at one point in time but not at another (with a different discount rate) where nothing else has changed except the passage of time.

Divergence between private and social discount rates

The discount rates individuals use in terms of their investment and consumption decisions should, in general, be different to the rates decision makers investing on behalf of society use. This is because individuals do not live forever while a society which values the welfare of both current and future generations has a much longer planning horizon. In the case of an individual, the planning horizon is unlikely to exceed more than a few decades. Indeed, in financial markets the longest-lived instruments rarely exceed 40 years in duration. Consequently, individuals will discount the future costs and benefits more heavily, the further they occur into the future, than will a decision-maker acting on behalf of society.

Private discount rates will exceed the social discount rate if taxes create a wedge between the actual and after-tax returns. To compensate for the tax, an individual requires a higher rate of return (and thus discount rate) for a private investment to be profitable. Private discount rates can also be higher than the social discount rate if individual investments impose external costs on current and future generations (Weitzman 1994). It can also be argued that the discount rate for publicly funded projects should reflect a risk-free rate of return (such as the rate of return on treasury bonds which is about 2 per cent) because of the pooling of risk available to governments which cannot be done to the same extent by individuals undertaking risky investments.

The Ramsey rule

Economic theory provides guidance on how to determine the social discount rate. The derivation of a social discount rate assumes that social welfare be maximised over an infinite time horizon subject 1to a constraint wher1e an aggreg1ate capital stock yields an output or income that can be either saved or consumed. Assuming that social welfare can be represented by an infinitely lived representative agent and welfare is a function of consumption, the following result (sometimes called the Ramsey rule) can be derived:
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where r is the social rate of time preference (the discount rate society should use) that discounts consumption, δ is the 'pure' rate of time preference or the 'inherent' discount rate that discounts future utility or welfare, η is the curvature of the welfare function and is defined as the income elasticity of marginal utility or the extent to which marginal utility of income is reduced as income increases, and g is the rate of growth in per person consumption.

The originator of the rule, Ramsey (1928) argued that δ = 0 to reflect his belief that placing a lower weight on the utility of future generations is 'ethically indefensible'. It should be clear, however, that setting δ = 0 does not imply that the social discount rate or r is zero. By contrast, individuals have a pure rate of time preference that is positive because they must discount their own utility or welfare as no one lives forever. Reasonable values for the pure rate of time preference for an individual in a rich country is 1.0-1.5 per cent given standard mortality risks in such countries. However, a society is defined by the present and all future generations that go on forever. Thus it seems reasonable to set δ very low or even zero, as proposed by Ramsey. Stern (2006) in his calculation of a constant discount rate for converting future costs and benefits into present value terms with climate change assumes a very low value of δ = 0.1 per cent to take into account that there is a very small but positive probability of human extinction in any given time period. In his climate change review for the Australian Government, Garnaut (2008) assumed that δ = 0.05 per cent.

Determination of the value of η revolves around the issue of how much an increase in income generates extra utility or welfare at different levels of income. The higher is the value of η the greater is the preference for current income. It is expected for individuals, and certainly for a society, that the larger is the level of income the lower would be the extra utility from a marginal increase in income. The economic literature suggests that η = 1.0 (Cowell & Gardiner 1999; Quiggin 2008) and this is what is assumed by Stern (2006) when calculating a social discount rate. It is also the preferred parameter value adopted by Garnaut (2008) in his climate change review, although he also uses an alternative value of η = 2.0 for comparative purposes. Provided that δ = 0 then η = 1.0 implies that a society is indifferent between 1 per cent sacrifice in income today to generate a 1 per cent gain (or prevent a foregone loss of the same magnitude) in income 100 years from now.

The rate of growth in consumption will depend on the productivity of a society's capital stock and also how much it chooses to save or consume. Historical rates of gross domestic product (GDP) growth in western economies over the past 30 years have ranged from about 2 to 3 per cent (Maddison 2001). In Garnaut (2008) it is assumed a growth rate of 1.3 per cent per annum over the period 2013 to 2100 which is the same value assumed by Stern (2006) in his review.

It would seem, therefore, that the smallest constant social discount rate that should be used in Australia for projects with a long-term planning horizon is 1.3 per cent, which assumes parameter values of δ = 0, η = 1.0, g = 1.3. A reasonable upper bound value for the social discount rate is about 4 per cent generated from parameter values of δ = 0.1 per cent, η = 2.0, g = 2.0. By comparison, the long-term inflation-adjusted market rate of return on government bonds in Australia is 2.2 per cent (Garnaut 2008).

Discount rate and estimating biomass associated with maximum economic yield

The decision to 'invest' in a fishery by rebuilding the stock is a public investment, as the fisheries in Australia are owned by the people of Australia and managed on their behalf for current and future generations. The appropriate discount rate to use when undertaking a stock rebuilding decision is, therefore, a social discount rate and not a private or individual discount rate.

If a constant social discount rate is employed, as is standard practice in cost benefit analysis, then the appropriate rate should be between the lower and upper bounds of 1 per cent and 5 per cent as implied by reasonable parameter values for the Ramsey rule. The higher the chosen social discount rate, the less weight is given to the future net benefits of stock rebuilding and, thus, the smaller will be the biomass that maximises the dynamic BMEY, all else being equal.

Practically and for comparative purposes, the estimates of BMEY should be calculated using three different constant social discount rates, namely 1, 3 and 5 per cent. Although a strong case can be made for using a declining social discount rate, in the planning horizons that apply to stock rebuilding in fisheries (50 years or less) this would make little difference to the results using a constant social discount rate. Sensitivity analysis from using the three constant social discount rates would also provide insight into the effects of different discount rates on the net present value of stock rebuilding and also the calculated BMEY value.

4.  Target and path to maximum economic yield

For a broad understanding of the relationship between target and path for MEY, this chapter analyses the effect of various parameters on the path to MEY in a generic dynamic fishery model. The model is formulated as a continuous time optimal control problem. Both deterministic and stochastic settings are considered. In this study uncertainty components in the stochastic setting are represented by Brownian and Poisson diffusions with state-dependent magnitudes.

The level of MEY biomass at any point in time is not constant, but can change following changes in fish prices, fishing costs and the discount rate. This chapter explores how changes in these three factors affect the MEY harvest size and stocks in any given year, and the trajectory of MEY harvests and stocks over time. The effect on the target indicator of BMEY/BMSY is also reported. The simulation was carried out for the baseline scenario (the default case), and three scenarios, modelling the effect of changes in fish prices, fishing costs and the social discount rate change, respectively.

The analysis is based on application of an illustrative bioeconomic model for a typical fishery under uncertainty. The model was developed as a continuous time optimal control problem, similar to that used to estimate MEY for the Southern and Eastern Scalefish and Shark Fishery (box 1) and the MEY harvest size of tiger prawns in the Northern Prawn Fishery (chapter 4).

Both deterministic (full certainty) and stochastic (uncertainty) settings were considered. In the stochastic setting, uncertainty takes two forms, namely:

· expected variation in year-to-year catch-per-unit effort—the catch quantity associated with a unit of effort, such as trawl hours or hooks set—as a result of seasonal variation in stock abundance and fisher behaviour (included in the model as a Brownian diffusion)

· periodic events that affect either fish stocks or fisher behaviour strongly enough to change the trajectory of catch-per-unit effort (included in the model as a Poisson diffusion).

Both diffusion patterns incorporate assumptions on state-dependent magnitudes.

The Brownian motion is represented by the normal random motion of the stock of fish through time, representing positive and negative natural shocks. The Poisson process involves jumps (due to unforeseen events) in the stock of fish at a point in time and is incorporated in the model as negative shocks caused by, for example, harvest activities.

Under these stochastic assumptions, analysis shows that the MEY harvest size in each time period will be more conservative than in the deterministic case and the optimal stock sizes greater. This will be the case for any change in fish prices, fishing costs or the social discount rate.

The model presented in this chapter can be applied both to deriving estimated harvest strategies for fisheries with current biomass levels below MEY, and to cases where it is optimal to fish down stocks. For illustrative purposes, the model was applied to a hypothetical fishery where stocks start from a position of stock sizes associated with MSY and then an optimal rebuilding path to stock sizes consistent with achieving MEY was determined.

The technique used to solve optimal control problems of this sort is the parametric linear programming approach, as introduced in Kompas and Che (2006). For each scenario, the dynamic optimisation problem is solved separately, without using a perturbation technique, to guarantee the highest possible accuracy. After a problem is solved, the optimal trajectory is simulated over the time interval [0, 30]. The time step is dt = 0.001. The interval is chosen long enough for the system to become stable, represented as a period of time where only stochastic changes in the fishing environment can affect the MEY path, regardless of the initial stock. The initial fish stock is assumed to be at MSY in all scenarios, but this value can be set at any arbitrary starting point.

In addition to graphs that show the entire time horizon, some key points in time are also presented, that is t = 0, 5, 10, 15, 20, 25 and 30 years. At each point and under each scenario, the MEY harvest size and associated fish stock level is reported as a percentage deviation from the baseline scenario. Among these, the deviations at time t = 0 and t = 30 years convey the most important implications. As the initial fish stock is assumed to be at MSY for all cases, the difference in harvest at t = 0 represent the immediate impact of a shock. At time t = 30 years when the fish stock becomes stable at the steady state, the difference in stocks of different scenarios represents the long-run impact. This shows how a shock affects MEY harvest or biomass.

A generic dynamic fishery model for maximum economic yield

For illustrative purposes, a generic dynamic fishery model is used where the transition path of the fish population has deterministic and stochastic components. The deterministic component is the difference between a logistic fish growth function and harvest. The stochastic component consists of two types of diffusions: a Brownian motion and a Poisson process with negative magnitude. The Brownian diffusion represents neutral natural shocks while the Poisson (diffusion represents negative shocks caused by, for example, harvest activities. The magnitudes of both shocks are stock size dependent.

In equation 4, s is the fish stock, MCC the maximum carrying capacity, r the intrinsic growth rate or key biological parameter, h harvest, w a standard Brownian diffusion, q a Poisson diffusion with an arrival rate λ > 0, the transition of the fish population is described by the stochastic differential equation:
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where μB(s) > 0 and μp(s) < 0 are the magnitudes of the Brownian and Poisson diffusions.

The profit function for fishing activities is standard. Fishing revenue is (p/hα) x h with 0 < α < 1 where p/hα is the sale price, with the price elasticity α. Fishing cost per unit is proportional to fish density with a cost parameter c, so that the return to fishing or profit is
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The optimal harvest profile and/or the maximum net present value function is
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subject to the transition path and the initial value of the fish stock.

The default values needed to solve the optimal control problem are taken from Grafton et al. (2006), with the price and cost scaled for graphical convenience. In this generic model the MCC or the virgin biomass is set equal to 1, the discount rate is 5 per cent, and the growth rate r is 0.30. Both deterministic and stochastic models are solved. In the deterministic model, there is no uncertainty. In the stochastic model, the parameters are also taken from Grafton et al. (2006) with specific uncertainty values: λ = 0.10, μB(s) = 0.05s, μp(s) = -0.13s.

Effects of changes in the fish price

The fish price is assumed to decline by 10, 20 and 30 per cent from the reference case. In particular, the analysis focuses on the evolution of the optimal harvest and the path to MEY in these three scenarios relative to the baseline case. The price decline directly influences the optimal harvest. With a fall in the price of fish it is economically profitable to harvest less, and thus decrease the per-unit cost of fishing. Evolution of the optimal harvest is illustrated in figures 5 and 6, which show that under uncertainty, the time path of optimal harvest sizes is more conservative. In particular, under each of the assumed price reductions, the proportion of biomass harvested is less in the stochastic model than in the deterministic model. Also to note in figure 5, is that the assumed Brownian motion uncertainty is illustrated as periodic ups and downs of each series, while 'Poisson jump events' are represented by sudden negative reversals in trends.

5. Harvest evolution of the deterministic model with different fish prices
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6. Harvest evolution of the stochastic model with different fish prices
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Note: The MCC or virgin biomass is set equal to 1

The exact price effect in terms of path to MEY harvest is measured first in terms of the immediate impact of the price shock to harvest levels at t = 0 in all cases. At this point, there is no stock effect as the stock size is the same in all cases. The dynamics of the shock effect on the harvest are also illustrated in table 2. For example, in the deterministic model a reduction of 10 per cent in the fish price, relative to the reference case, will result in around a 10.5 per cent drop in the optimal harvest size while the drop will be 21 per cent if the price reduction is 20 per cent and 31.7 per cent if the price reduction is 30 per cent (table 2). Along a row, the difference reduces slightly over time as the 'stock effect' (less harvesting increases the stock of fish) starts to take place. However, the price effect still dominates even when the fishery reaches its MEY at t = 30. Here the final fall in harvest in the three scenarios is 9, 18.6 and 28.5 per cent.

2. Price shocks and optimal harvest in the deterministic model (hMEY)

	price decrease by
	change in optimal harvest (hMEY) relative to the reference case (percentage)

	/years
	t=0
	t=5
	t=10
	t=15
	t=20
	t=25
	t=30

	10%
	-10.42
	-9.35
	-9.05
	-9.00
	-9.01
	-9.01
	-9.01

	20%
	-20.99
	-19.10
	-18.60
	-18.53
	-18.54
	-18.54
	-18.55

	30%
	-31.66
	-29.20
	-28.57
	-28.50
	-28.51
	-28.52
	-28.52


Note: hMEY = harvest size at maximum economic yield, t = time.

For ease of exposition only the results from the deterministic model are presented in table 2. However, as a price decline reduces harvest, fish stock size will be higher in both the deterministic and the stochastic setting. The larger the fall in price the larger is the stock size. As a result, the change in BMEY is negatively correlated with the change in price of fish: the ratio of BMEY/BMSY will be larger the lower the price of fish. The evolution of the fish stock is illustrated in figures 7 and 8.

7. Stock evolution of the deterministic model with different fish prices
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8. Stock evolution of the stochastic model with different fish prices
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Note: The MCC or virgin biomass is set equal to 1

The exact stock size of fish at some key points in time is given in table 3. At t = 0, the fish stock is the same in all scenarios. At t = 5, a 10 per cent drop in the price leads to a fish stock which is about 1.1 per cent higher than the baseline scenario. The effect of the price drop on the fish stock increases until the system almost reaches stability of BMEY at t = 15. Here the fall in fish prices leads to BMEY that are 1.41, 2.86 and 4.33 per cent higher than the baseline scenario.

Finally, the target indicator that is the ratio of the BMEY to BMSY is computed and reported in table 4. For the deterministic model a lower price leads to a higher MEY biomass and thus a higher target indicator as the BMSY is fixed at
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3. Price shocks and optimal fish stock in the deterministic model (BMEY)

	price decrease by
	change in optimal (BMEY) fish stock relative to the reference case (percentage)

	/time
	t=0
	t=5
	t=10
	t=15
	t=20
	t=25
	t=30

	10%
	0.00
	1.08
	1.37
	1.41
	1.41
	1.41
	1.41

	20%
	0.00
	2.18
	2.78
	2.86
	2.86
	2.85
	2.85

	30%
	0.00
	3.30
	4.21
	4.33
	4.32
	4.31
	4.31


Note: BMEY = biomass associated with maximum economic yield, MEY = maximum economic yield, t = time.

For the stochastic model the exact fish stock at any point in time depends on the realisation of uncertainty components. There is no 'absolute steady state' value. Instead, as is evident from figure 8, after an upward trend for some time, the fish stock becomes relatively stable. An average over this region is created using 200 000 realisations of the various uncertainty outcomes.

Comparing the figures in table 4 makes clear that decreases in the price of fish result in larger values of stock sizes or larger ratios of BMEY / BMSY .

4. Price shocks and target indicator BMEY/BMSY
	Price decrease by
	deterministic model
	stochastic model

	Baseline
	1.76
	1.76

	10%
	1.78
	1.79

	20%
	1.81
	1.81

	30%
	1.83
	1.84


Note: BMEY = biomass associated with maximum economic yield, BMSY = biomass associated with maximum sustainable yield.

Effects of a change in fishing costs

This section presents analysis of the effect of shocks to the cost of fishing on the path of MEY harvest and BMEY . The fishing cost is assumed to increase by 10, 20 and 30 per cent. The effect of the shocks on the optimal harvest is again characterised by two components, the cost effect and the stock effect. The cost increases, relative to the base case, directly influence the MEY harvest through the incentive to catch fish. The number of fish caught will be fewer, and the stock will be greater which generates the stock effect. The evolution of path to MEY harvest is illustrated in figures 9 and 10.

The cost effect can be measured by comparing the harvest at t = 0 as there is no stock effect at this point. This is the immediate impact of a cost increase. The reductions in harvest for the three scenarios are 9.5, 17.4 or 24.2 per cent. It is clear that at a higher cost of fishing, the optimal harvest will be less. The dynamics of the shock effect on the harvest are illustrated in table 5. Along a row, the difference reduces slightly over time as the stock effect starts to take place but the cost effect still dominates until the system reaches its MEY at t = 30. The fall in harvest in the three scenarios is 8.2, 15.4 and 21.5 per cent. With the cost increases, the fish stock will be higher in both deterministic and stochastic settings. The evolution of the fish stock is illustrated in figures 11 and 12.

9. Harvest evolution of the deterministic model with different fishing costs
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10. Harvest evolution of the stochastic model with different fishing costs
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Note: The MCC or virgin biomass is set equal to 1

The fish stocks at some key points in time are reported in table 6. At t = 0 the fish stock is the same in all scenarios, then the deviation from the baseline scenario increases. The system reaches its BMEY in around 15 years (t = 15) at 1.28, 2.38 and 3.31 per cent higher than the baseline scenario at cost increases of 10, 20 and 30 per cent respectively. These figures are slightly less than the case of price shocks as the harvest declines are smaller.

The target indicator BMEY/BMSY is reported in table 7. The larger the increase in the cost of fishing the larger is the ratio of BMEY/BMSY.

5. Fishing cost shocks and optimal harvest in the deterministic model (hMEY)

	cost increase by
	change in optimal harvest relative to the reference case (percentage)

	/time
	t=0
	t=5
	t=10
	t=15
	t=20
	t=25
	t=30

	10%
	-9.47
	-8.47
	-8.21
	-8.19
	-8.19
	-8.19
	-8.20

	20%
	-17.43
	-15.83
	-15.41
	-15.35
	-15.35
	-15.36
	-15.36

	30%
	-24.24
	-22.15
	-21.59
	-21.52
	-21.53
	-21.54
	-21.54


Note: hMEY = harvest size at maximum economic yield, t = time.

11. Stock evolution of the deterministic model with different fishing costs
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12. Stock evolution of the stochastic model with different fishing costs
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6. Fishing cost shocks and optimal fish stock in the deterministic model (BMEY)

	cost increase by
	change in optimal fish stock relative to the reference case (percentage)

	/time
	t=0
	t=5
	t=10
	t=15
	t=20
	t=25
	t=30

	10%
	0.00
	0.98
	1.25
	1.28
	1.28
	1.28
	1.28

	20%
	0.00
	1.81
	2.31
	2.38
	2.38
	2.37
	2.37

	30%
	0.00
	2.52
	3.21
	3.31
	3.30
	3.29
	3.29


Note: BMEY = biomass associated with maximum economic yield, t = time.

7. Fishing cost shocks and target indicator BMEY/BMSY
	cost increase by
	deterministic model
	stochastic model

	/baseline
	1.76
	1.76

	10%
	1.78
	1.79

	20%
	1.80
	1.80

	30%
	1.82
	1.83


Note: BMEY = biomass associated with maximum economic yield, 

BMSY = biomass associated with maximum sustainable yield.

Effects of a change in the discount rate

Here the problem is solved for four different rates of time discount: 1 per cent, 5 per cent(the baseline case), 10 per cent and 15 per cent. Results show that an increase in the discount rate increases harvest, as fishers prefer more current to future income. A lower discount rate has the opposite effect. This is illustrated in figures 13 and 14.

13. Harvest evolution of the deterministic model with different discount rates
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14. Harvest evolution of the stochastic model with different discount rates
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Note: The MCC or virgin biomass is set equal to 1

The overall effect of a change in the discount rate is not as strong as for changes in the price of fish and fishing costs. The deviations from the baseline scenario at some key points in time are in table 8. At t = 0, the deviations are less than 5 per cent in all cases. At MEY, the deviations are less than 3 per cent. The effect of changes in the discount rate depends on the specific characteristics of a fishery.

8. Discount rate shocks and optimal harvest in the deterministic model (hMEY)

	discount rate
	change in optimal harvest relative to the reference case (percentage)

	blank cell
	t=0
	t=5
	t=10
	t=15
	t=20
	t=25
	t=30

	p = 1%
	-2.67
	-1.92
	-1.67
	-1.61
	-1.61
	-1.60
	-1.61

	p = 10%
	2.61
	1.80
	1.60
	1.57
	1.57
	1.58
	1.57

	p = 15%
	4.64
	3.23
	2.91
	2.87
	2.87
	2.87
	2.87


Note: hMEY = harvest size at maximum economic yield, t = time.

As the discount rate affects the optimal harvest, it also influences the path to MEY. The fish stock at various key points in time is reported in table 9. Though the discount rate varies significantly, all deviations are less than 0.5 per cent even at MEY. Therefore, for this model (based on the specific assumptions in Grafton et al. 2006) it can be concluded that the discount rate does not have a significant effect on the size of the fish stock at MEY and the equilibrium of the system.

The target indicator BMEY/BMSY is reported in table 10. An increase in the discount rate implies a smaller value of BMEY/BMSY but under the specific assumptions of the parameters in this model the effect is marginal.

9 Discount rate shocks and optimal fish stock in the deterministic model (BMEY)

	discount rate
	change in optimal fish stock relative to the reference case (percentage)

	blank cell
	t=0
	t=5
	t=10
	t=15
	t=20
	t=25
	t=30

	p = 1%
	0.00
	0.24
	0.28
	0.27
	0.26
	0.25
	0.25

	p = 10%
	0.00
	-0.23
	-0.26
	-0.26
	-0.25
	-0.25
	-0.25

	p = 15%
	0.00
	-0.41
	-0.48
	-0.47
	-0.46
	-0.46
	-0.46


Note: BMEY = biomass associated with maximum economic yield, t = time.

10 Discount rate shocks and target indicator BMEY/BMSY
	blank cell
	deterministic model
	stochastic model

	Baseline
	1.76
	1.76

	p = 1%
	1.76
	1.77

	p = 10%
	1.75
	1.76

	p = 15%
	1.75
	1.75


Note: BMEY = biomass associated with maximum economic yield, BMSY = biomass associated with maximum sustainable yield.

5.  Case study of the Northern Prawn Fishery

Population dynamics and stock assessment

Tiger prawns have been the focus for quantitative Stock assessments and management measures for many years in the Northern Prawn Fishery (Dichmont et al. 2003, 2007, 2008; Somers 1990; Somers and Wang 1997; Wang and Die 1996). In the bioeconomic model the approach used to estimate historical recruitments and indices of spawning stock size is currently based on a variant of the delay-difference model developed by Deriso (1980) and Schnute (1985) and Punt et al. (2009).

In this report, the model has been expanded to include endeavour prawns—two species modelled together, with the biological parameters for the endeavour group based on those for blue endeavour prawns as this species dominates the catch and is the one for which the basic biology is better known. The model includes two fleets—those targeting brown and grooved tiger prawns—which leads to technical interactions between the tiger prawn and endeavour prawn species because, for example, fishing targeted at brown tiger prawns leads to catches of all four species. See Kompas et al. (2010) for a full analysis and discussion.

In general, the model operates on a weekly time-step and allows spawning and recruitment to the fishable population to occur each week. Allowance is also made for weekly changes in availability. Following Wang and Die (1996) and Dichmont et al. (2003), the dynamics of the recruited biomass and recruited numbers for each assessed species (or species group) are governed using the equations:
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where
Ny,w is the number of recruited prawns (of both sexes) at the start of week w of year y 

By,w is the biomass of recruited prawns (of both sexes) at the start of week w of year y 

Zy,w is the total mortality during week w of year y, so that
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αw is the fraction of the annual recruitment that occurs during week w (assumed to be independent of year and sex)

M is the instantaneous rate of natural mortality (assumed to be independent of sex and age)

Fy,w is the fishing] mortality during week w of year y
Rỹ is the recruitment during 'biological year' ỹ
ỹ (y,w) is the 'biological year' corresponding to week w of year y:
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p is the Brody growth coefficient (Ricker 1975)

Wk-1 is the average weight of a prawn the week before it recruits (in week k) to the fishery

Wk is the average weight of a prawn when it recruits to the fishery.

Equation (11) is considered that the 'biological year' ranges from week 40 (roughly the start of October) until week 39 (roughly the end of September). This choice is based on recruitment index data from biological fishery surveys (Somers and Wang 1997).

Fishing mortality during week w of year y,Fy,w , includes contributions from the two fleets, changes over time in fishing efficiency, and changes over the year in availability, so that:
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where
EGy,w is the effort during week w of year y targeted towards grooved tiger prawns 

EBy,w is the effort during week w of year y targeted towards brown tiger prawns 

qG is the catchability coefficient for the grooved tiger prawn fleet 

qB is the catchability coefficient for the brown tiger prawn fleet 

Aw is the relative availability during week w
γy,w is the relative efficiency during week w of year y (Bishop et al. 2008)

The values for the bulk of the parameters of the model are assumed known based on auxiliary and prior information (see Dichmont et al. 2003). The values for the parameters that are not pre-specified (that is, the annual recruitments for 1970 to the present) are obtained by minimising an objective function involving the catch-at-weight data.

The spawning stock index for calendar year y, Sy, is given by:
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The catch during week w of year y (in mass), Hy,w, is given by:
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Recruitment for (future) biological year y+1 is assumed to be related to Sy according to a Ricker stock-recruitment relationship:
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where [image: image30.bmp]y is the conditional mean for the recruitment during biological year y (that is, the recruitment from October of year y-1 to September of year y) based on the stock-recruitment relationship, and [image: image31.bmp], [image: image32.bmp] are the parameters of the stock-recruitment relationship. The relationship between the actual recruitment and the conditional mean recruitment based on the stock-recruitment relationship is given by:

[image: image33.png]a6




where pr is the environmentally-driven temporal correlation in recruitment, and σr is the (environmental) variability in recruitment about the stock-recruitment relationship. Estimation of the four parameters of the stock-recruitment relationship ([image: image34.bmp],[image: image35.bmp],pr , and σr ) involves minimising an objective function, which includes the temporal correlation among recruitments due to environmental fluctuations and uncertainty associated with estimates of each annual recruitment (see Dichmont et al. 2003 for further details). Uncertainty is represented through bootstrap simulations.

Profit equation and maximum economic yield

The population dynamics model is augmented by a profit equation that measures the difference between the discounted total costs and revenues from fishing, with a harvest function that incorporates the biological connection between different levels of harvest or fishing effort (by species) and stock size. The profit equation takes the form:
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where
(y is the profit in future year y
vsy,w is the average price per kilogram for species s during week w of year y (assumed exogenous as the product is exported)

Hsy,w is the harvest (kg) of prawns of species s during week w of year y (see equation 14)

Efy,w is the fishing effort targeted by fleet f (grooved or brown tiger prawns) during week w of year y
cL, cM is the share cost of labour and other variable costs per weight of output

cK, cF is the average repairs and maintenance, and fuel and grease costs per unit of effort

βy is a discount factor (the rate at which future income or expenditure are discounted relative to the present value; Grafton et al. 2006):

[image: image37.png]a8 A=A+




i is the rate of interest

ycur is the current year.

The total annual cost is assumed to be the sum of labour, fuel, depreciation, maintenance and repairs, and other material costs. Labour costs are assumed to be proportional to revenue, while packaging and gear maintenance costs make up the bulk of the other items; the cost of which is proportional to the size of the catch in weight. Repair and maintenance costs and other costs (of which fuel is a major component) are assumed to depend on fishing effort.

The key choice variable in equation 17 is fishing effort by fleet, week and year. Fishing effort is selected to maximise equation 17 over 364 weeks (or 7-year projection period) after which the effort corresponding to MEY (EMEY) is reached. Thereafter, effort is kept at this level. The effort for the years prior to that in which the MEY target is achieved can thus be considered as 'transitional'.

Economic parameters

The values for the parameters of equation 17 were estimated using data from 2006-07 and the first half of 2007-08 (ABARES 2010b; AFMA 2010). The ABARES survey data include 99 observations for 33 vessels over three fishing seasons, and the tiger prawn fishing season during the first half of 2007-08, but the values for the parameters of equation 8 are based on the most recent fishing season and a half. All values in this dataset (including historical values) are real values at 2007-08 prices. Relevant consumer and wholesale price indices were computed from Australian Bureau of Statistics (2008) data. The ABARES fishery economic survey does not divide the Northern Prawn Fishery into the tiger prawn and banana prawn fisheries. Therefore, average revenue and costs per vessel were computed from the Northern Prawn Fishery sample as a whole. The key vessel characteristics were also summarised for the whole fishery. The economic parameters for the tiger prawn fishery were estimated from the ABARES (2010b) economic survey dataset. Fuel and gear costs per unit of effort (cF in equation 17) were estimated by dividing total fuel and gear costs by total fishing effort.

The bioeconomic model requires projections for the price of prawns and cost of fuel (the major variable cost component). Different projections were used in the sensitivity results, including constant price and cost assumptions, but forward projections for prices and the cost of fuel were constructed for a base case projection. The major driver of the price of prawns in the Northern Prawn Fishery is demand in Asian markets (especially Japan), which is largely dependent on the Yen-AUD exchange rate. The near-term exchange rate series is based on projections from ABARES (2010), and the relationship between exchange rates and the price of prawns is based on a forecast model of an otherwise standard Autoregressive Integrated Moving Average process (Kompas and Che 2008), where the main drivers are the exchange rate and projected increases in world prawn output (including aquaculture supplies in Asia). On this basis, the price of tiger prawns is expected to increase over the next seven years by 12 per cent, due largely to a projected 'softening' of the Australian dollar from its current high values (for an indexed value of 100 in 2008, the subsequent annual prawn price indices are 102.1, 104.2, 106.8, 109.3, 111.6 and 112.0). The current price of tiger prawns in the Northern Prawn Fishery is $19.35 per kg. Endeavour prawns (a relatively small component of total catch) are treated as an 'economic bycatch' in the model (affecting revenue and the cost of its catch) but not the cost of fishing related to effort.

Fuel prices for Northern Prawn Fishery vessels are net of a government 'fuel rebate' and currently stand at $0.81 per litre. Diesel prices in the Northern Prawn Fishery are assumed to follow a pattern similar to the Australian Farm Fuel Price index (see ABARES 2010a), which is based on forecasts drawn from a number of sources, including time series data from Ampol, Caltex Australia, Fueltrac and Shell Australia. The price of diesel is expected to fall slightly from its current high value (for an indexed value of 100 in 2008, the subsequent annual cost indices are 0.905, 0.888, 0.858, 0.836, 0.832 and 0.830). The discount rate, or rate of interest, in the base case model projection is assumed to be 5 per cent.

Estimated results

Equation (17) is maximised through a choice of annual effort subject to the constraints imposed by the population dynamics model. Figure 15 shows the estimated time trajectories for four key model outputs (the values prior to 2007 are from the stock assessment while those thereafter are projections based on the bioeconomic model) along with their bootstrap 90 per cent intervals. The vertical dashed lines in figure 15 represent the 2007 fishing season. Both tiger prawn species are assessed to have increased in recent years owing to a reduction in fishing effort (and hence fishing mortality), although unlike grooved tiger prawns, the spawning stock size for brown tiger prawns had not recovered to MSY by 2007 (figure 15a). Projections show that stock size at MEY, SMEY , should have been obtained for grooved tiger prawns by 2010, and by 2013 for brown tiger prawns, in median terms (figure 15b). Effort increases over time as expected, with MEY being achieved by the end of the projection period (figure 15d). The changes over time in effort do not reflect simply the impact of changes in stock size, but also those of the price of prawns, the cost of fuel and fishing efficiency (calibrated by fishing power estimates; see Bishop et al. 2008). However, in the projections, fishing efficiency is assumed to remain at present levels.

Table 11 indicates the presence of a 'stock effect'; the spawning stock at MEY is greater than that at MSY for both grooved and brown tiger prawns. For grooved tiger prawns SMEY/SMSY is 1.26 in the base case projection, and for brown tiger prawns it is 1.09. Results are comparable for the case when data from an independent fishery survey are used as the basis of the assessment instead of only logbook data from industry. The 'stock effect' in the Northern Prawn Fishery corroborates results in Kompas and Che (2006) and Grafton et al. (2007), which showed a ratio of SMEY/SMSY greater than one for four species (yellowfin and bigeye tuna, tiger prawns and orange roughy) in the Pacific Ocean.

Early bioeconomic modelling of tiger prawns in the Northern Prawn Fishery (Kompas and Che 2004) also showed the presence of a stock effect. The benefit of the current bioeconomic model is that it fully integrates the economics with the current and ongoing stock assessment process used in the Northern Prawn Fishery. As expected, constant prawn prices and no fall in the cost of fuel leads to a larger value for SMEY/SMSY . Recall that the base case assumes an increase in the price of prawns and a slight fall in the cost of fuel. At constant prices, MEY is achieved at a larger stock size than for the base case projection. In all cases, effort in 2007 was lower than effort at MEY indicating a process of stock rebuilding and a transitional path to MEY with rising effort levels over time (figure 15d).

11. Management targets (medians across the bootstraps replicates) for grooved and brown tiger prawns

	blank cell
	base case
	include survey
	no fuel change
	no price change

	Grooved tiger prawns

	SMEY/SMSY
	1.264
	1.260
	1.309
	1.307

	S2007/SMSY (%)
	105
	117
	105
	105

	S2007/SMEY (%)
	83
	93
	80
	80

	Standardised E2007/EMSY (%)
	43
	43
	43
	43

	Standardised E2007/EMEY (%)
	67
	67
	73
	73

	Brown tiger prawns

	SMEY/SMSY
	1.090
	1.077
	1.119
	1.119

	S2007/SMSY (°%)
	80
	87
	80
	80

	S2007/SMEY (%)
	74
	81
	72
	72

	Standardised E2007/EMSY (%)
	21
	22
	21
	21

	Standardised E2007/EMEY (%)
	24
	25
	25
	25


Note: Standardised effort accounts for estimated increases in fishing power.

15. Analysis of maximum economic yield for the Northern Prawn Fishery
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Note: Median (with 5 and 95 percentiles) (a) spawning stock size in a year relative to the spawning stock size (SY) at maximum sustainable yield (SMSY), (b) spawning stock size in a year relative to that corresponding to maximum economic yield (SMSY), (c) standardised effort in a year (Ey) relative to the effort at maximum sustainable yield (EMSY) and (d) standardised effort in a year (Ey) relative to the effort at maximum economic yield (EMEY) for grooved tiger prawns for base case projections.

6.  Moving to maximum economic yield

A harvest strategy policy may provide discretion on how fast to move from BMSY to BMEY . In most cases a bioeconomic model will specify the path to MEY that maximises profits. In cases where stock size is larger than the stock at MEY, the stock is fished down. The actual harvest rate along the path to MEY also maximises profits at each point along the path. However, where the current stock is less than the stock size at MEY the issue is, in practical terms, more complicated. Model output will also specify the path to MEY that maximises profits (as recently done and implemented for the Northern Prawn Fishery), but this will necessarily involve stock rebuilding and as a result harvests that are smaller than harvest at MEY. In other words, industry has to take less catch to rebuild stocks. In addition, the model context, although it specifies how to maximise profits in the move to MEY, may be too narrow or restrictive to account for practical considerations for industry.

These may include:

· Cashflow issues. Industry may have difficulty undertaking a stock rebuilding process when profits are already low or near zero.

· Structural adjustment may be slow and potentially non-autonomous.

· Changes in fishing technology or fisheries management may imply a different path with alternative efficiency considerations. Model output to determine the path to MEY, for example, only normally accounts for changes in variable costs and not the structure of the fleet or vessel efficiency. In these cases alternative paths to MEY may be considered.

With regard to the Northern Prawn Fishery, which provides a good example, there are some drawbacks to using the approach adopted for the MEY target and path (see Kompas et al. 2010). The first is price uncertainty, particularly with regard to the cost of fuel. Any changes in fuel costs would imply the need to re-estimate MEY, although the MEY target will be larger than SMSY at almost all reasonable values of the cost of fuel. This uncertainty is partly addressed in the Northern Prawn Fishery by the forecasting mechanism used to project fuel prices (Kompas and Che 2008), and by re-evaluation of the MEY (as part of the ongoing stock assessment) every two years in a 'real time' assessment of the fishery.

The second problem is of most concern. Nothing in the model specifies fleet structure or the number of vessels needed to profitably obtain MEY. For MEY to hold, not only should catch or effort be at a level that guarantees the largest difference between the total revenue and costs of fishing, but the fishery must also employ the right amount of resources (including vessel capital), in the correct proportions, to minimise the cost of harvest at MEY. At least one study— for banana prawns in the Northern Prawn Fishery (Kompas et al. 2004)—shows this is unlikely to be the case. This has two implications.

First, it is possible that some part of fishery profits at MEY will be dissipated due to excess fishing capacity in the absence of management that enables autonomous adjustment in the fleet. This may even be a necessary consequence with effort controls, although the assessment and management process in the Northern Prawn Fishery re-evaluates fishing power or potential effort creep every two years.

Second, the current input control system may result in changes in technical and allocative efficiency over time (Kompas et al. 2004), which are not currently accounted for in the model projections. This too can result in dissipation of profits and incorrect measures of MEY. The Northern Prawn Fishery is currently moving to Individual Tradeable Quotas (and total catch controls) in large part to overcome these two concerns.

Finally, establishing MEY in a fishery when the current stock size is lower than SMEY requires stock rebuilding, and the Northern Prawn Fishery, partly on the basis of the current MEY target, is undergoing rebuilding, with substantial cuts in effort to achieve MSY (the target prior to MEY), also occurring in recent years. Once MEY has been obtained, profits will be maximised, but the path to MEY requires cuts in harvest and revenues. This can be a problem. Although optimality implies that the gains at MEY will compensate for the losses in transition, the transition can be burdensome on a fishing industry that is interested mainly in cashflow and short-term returns. Economic losses are also often distributed unequally across vessels in transition. This point alone makes implementing MEY difficult to accomplish, especially those in which current stock size is much lower than SMEY . Fortunately, the Northern Prawn Fishery has benefited from a recent structural adjustment package; namely a voluntary government-funded buyout that removed more than 40 vessels from the fishery (reducing the fleet by almost half). This has not only helped ease the transition to MEY, but may also have generated a more appropriate fleet size and structure, assuming that less efficient vessels opted to leave the fishery. The current MEY target will most likely ensure profits are maximised, regardless of changes in prices and costs, over every two-year projection in the real time assessment, as well as ensure fish stocks are relatively protected at values greater than stocks at MSY.

7.  Conclusions

This report explains the concept of MEY and why it is an appropriate target for fisheries, and provides examples of its actual and potential use in managing key Commonwealth fisheries. The focus is on the path to MEY and the target itself. In all cases, the best path to MEY and the target imply that returns to the fishery are maximised.

Effective management of harvesting within fisheries requires setting of a management target for the stock biomass of the fishery and harvest strategies that maintain the stock biomass at levels that maximise the MEY of a fishery. The management structure, stock level and nature and extent of fishing effort that generates MEY depends on a combination of biological and economic factors, or the relationships between harvest, stock and recruitment and on the way in which fishing behaviour, revenue and costs relate to those factors. MEY can generate maximum profits, regardless of the price of fish or the cost of fishing. It also can be seen that MEY is 'conservationist' in the sense that stocks will be larger than at MSY. This in itself can confer benefits to the fishery and its ecosystem—much less protect the fishery against large negative shocks to the fish stock—since larger stocks generally imply greater resilience in the face of these shocks.

Bioeconomic modelling provides the most complete assessment of efficiency and MEY analysis. These models require significant information on costs of fishing, prices and fish biology. Bioeconomic models are usually optimisation models. That is, they are used to estimate a set of control variables, such as fleet size or aggregate catch, that maximise a given variable, such as profit. The key information inputs to a bioeconomic model are fishing costs, effort and catch, prices, fish biology and stock assessment. The major economic factors that influence MEY are cost and price. To account for uncertainty in these parameters it is important to create bioeconomic models that are stochastic. The target value of MEY changes with a change in the price of fish or the cost of fishing.

A decrease in the price of fish, an increase in fishing costs, or a decrease in the discount rate will result in smaller MEY harvests or larger values of MEY stock sizes. The path to MEY changes in a clearly definable way in each circumstance. Under stochastic assumptions, analysis shows that the MEY harvest size in each time period will be more conservative than in the deterministic case and the optimal stock sizes greater.

Glossary

	AFMA
	Australian Fisheries Management Authority

	AUD
	Australian dollar

	BMEY
	biomass associated with maximum economic yield

	BMSY
	biomass associated with maximum sustainable yield

	CEDR
	certainty equivalent discount rate

	CPE
	common property equilibrium

	CPUE
	catch per unit effort

	DPIE
	Department of Primary Industries and Energy

	EMEY
	effort against maximum economic yield

	EMSY
	effort against maximum sustainable yield

	EY
	standardised effort in a year

	GVP
	gross value of production

	hMEY
	harvest size at maximum economic yield

	MCC
	maximum carrying capacity

	MEY
	maximum economic yield

	MSY
	maximum sustainable yield

	SESSF
	Southern and Eastern Scalefish and Shark Fishery

	SMCC
	stock at maximum carrying capacity

	SMEY
	spawning stock size against maximum economic yield

	SMSY
	spawning stock size against maximum sustainable yield

	SY
	spawning stock size in a year relative to the spawning stock size

	TAC
	total allowable catch

	TC
	total cost

	TR
	total revenue
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