DRAFT

Estimating size of marine reserves for conservation and fisheries management


Abstract

Marine reserves are important tools for marine conservation and fisheries management, with the potential to provide ecosystem protection, improved fisheries yields, expanded understanding of marine environments, and improved non-consumptive opportunities.  The degree to which a reserve will provide certain benefits or achieve specific goals will vary with the species, depending on life-history characteristics and various aspects of reserve design.  One of the conspicuous questions in conservation and resource management is how large reserves must be to provide specific benefits and how can we predict this size without testing reserves in the area of interest.  For conservation, the benefit of a reserve increases continuously with size.  Larger reserves protect more habitats and populations, providing a buffer against losses from environmental fluctuations or other natural factors that may increase death rates or reduce population growth rates.  For fisheries management, the benefit of a reserve does not increase directly with size.  The maximum benefit of no-take reserves for fisheries, in terms of larval export and adult spillover, occurs when the size of the reserve is large enough to minimize the economic impact to fisheries.  Data from harvested populations indicate that on average, populations below 2-65% of their normal carrying capacity are not sustainable in the long term.  Given the available empirical data, a minimum reserve size of 30% of the suitable habitat in a management area would sustain approximately 80% of the fished species for which data are currently available.  To meet the minimum habitat requirements for all species, the fraction set aside in reserves would need to exceed 70% of the suitable habitat in the management area.  Because of the complexity upon which these estimates are based, evaluation of their effectiveness is necessary to determine whether alteration of reserve design (reduction or increase) is appropriate based on future assessment.
Introduction

The size of reserves designed to protect regional biodiversity is the product of four values: (1) the size of the overall management region, (2) the number of habitats distinguished to be protected, (3) the size of each of those habitats, and (4) the percentage area of each habitat to protect.  The area of the overall management region, the number of habitat types and the size of each habitat are all determined from empirical information.  In contrast, the area (or percentage) of each habitat to protect is based more on conceptual and theoretical considerations.

There are at least two reasons for the conceptual and theoretical basis of percentage:

(1) There are too few marine reserves to evaluate their effectiveness at sustaining populations and communities.  Existing reserves are distributed among a wide area encompassing a variety of ecosystems.  There are too few reserves of different sizes in the same ecosystem to allow for an assessment of the effect of set-aside percentage. 

(2) Conservation of biodiversity involves so many species with such different life histories (e.g., larval dispersal potential, range of adult movement), resource requirements (including habitat features) and habitat types that reserve sizes based on different species are not likely to be similar.

Reserves for conservation

If the objective of a marine reserve is to protect biodiversity, the benefit to species of interest will increase continuously with the area of protection.  There are several reasons for the relationship between biodiversity and reserve size.  

(1) The number of species protected within a reserve increases continuously with size of the reserve area.  Small reserves will conserve populations that have low dispersal and/or high fecundity.  Larger reserves will conserve both populations that have higher dispersal and/or lower fecundity, and those with low dispersal and/or high fecundity.

(2) A small reserve area may be insufficient to protect mobile and migratory species (e.g., fishes).  Expanding the reserve to include the home range of mobile species will provide protection for local populations of mobile or migratory species, in addition to less mobile, resident species.

Although there is a positive relationship between area of protection and diversity of species protected, there is no clear determination of how much area may be enough for conservation purposes.  To maintain biodiversity requires maintaining the ecological roles of all species in natural population densities and sizes.  If some of these species are fished, then no-take reserves must be of a size (or percentage) to guarantee sustained population levels of all species within the reserves.  Consequently, estimates of area set-aside to sustain fished species are likely to provide the best basis for a target percentage of habitat or stock.

Critical length theory

Ideally, marine reserves for conservation of a particular species should be of a certain absolute area, the “break-even” habitat size, where the population growth matches the loss from emigration.  The “break-even” habitat size is 

                               Lc=pi(l)/sqrt(2r), 




equation (1)

where l is the average dispersal distance, and r is the intrinsic rate of increase. Species with large dispersal distances require larger areas than species with limited dispersal.  Species with low population growth require larger areas than species with high population growth (Figure 1).

However, the “break-even” habitat size for species conservation is difficult to determine because (1) dispersal distances may exceed the boundaries of the management unit, and (2) dispersal rates and intrinsic rates of growth are poorly understood for many species of interest.  

First, the minimum reserve area required to sustain the population of interest may exceed the management area if the dispersal distance exceeds the length of the management area.  Smaller reserve sizes may be sufficient to sustain populations of species that have smaller dispersal distances, or large intrinsic rates of increase.  

Second, the impacts of environmental fluctuations on rates of dispersal and population growth are not well understood.  The assumptions contained within the estimates of dispersal and population growth may not reflect real ecological processes.  Consequently, calculating the “critical length” of a reserve area required to sustain a particular species based on published rates of dispersal and population growth may greatly underestimate or overestimate the required reserve area.  Additional research is needed to determine the rates of dispersal and population growth of many important marine species.  As we begin to understand patterns of dispersal and population growth, reserve design may be modified through adaptive management to incorporate additional knowledge. 

Reserves for fisheries management
If the objective of a marine reserve is to contribute to fisheries management, populations within reserves must have the potential to contribute sufficient larval export to replenish or supplement exploited populations outside reserves.  Reserves can only protect or enhance exploited populations outside reserves if populations within reserves are sustainable. 

Traditional fisheries models attempt to establish the minimum sustainable population size after natural and fishing mortality.  The “maximum sustainable yield” (MSY) policy suggests that the optimal target stock is (1/2)k, where k is the carrying capacity (maximum population size in the absence of fishing) (red line on Figure 2).  Traditional management employed fishing seasons and size limits to maintain fisheries at MSY.  However, traditional fisheries models, such as the MSY policy, often quickly and inevitably lead to fishery collapse because of variable perturbations to the population (Figure 3).  The perturbations come from fluctuations in the environment and from unavoidable errors in policy implementation (such as differences between actual and mandated catch and effort quotas).

For example, the history of the Newfoundland cod fishery is shown in Figure 4.  The fishery shows three phases, 1960-1980, 1981-1990, and 1991-1993.  The harvest was higher in the first phase (1960-1980).  In 1973, the Canadian Department of Fisheries and Oceans instituted annual quotas (total allowable catches) on cod fishing in an effort to prevent overexploitation (FRCC 1994).  The Total Allowable Catches were based on the MSY model, estimating allowable catch such that the natural and fishing mortality reduced the cod population to (1/2)k.  In the second phase of the fishery (1981-1990), the harvest matched the annual quotas and the fishery appeared to be well managed with relatively constant harvest and stock.  The cod fishery collapsed in the third phase (1991-1993).  Newfoundland’s cod fishers obeyed the law and did not exceed the total allowable catch, yet the fishery still collapsed. 

Empirical evidence that the MSY policy failed to sustain fisheries prompted fisheries management agencies to introduce additional management strategies, including limited-entry fisheries, capacity reduction goals, and fishing closures (e.g. Grand Bank and Georges Bank).  Some limited entry fisheries and capacity reduction goals have sustained fisheries at or above (1/2)k (e.g. California spiny lobster and red sea urchin).  However these fisheries management strategies are insufficient to conserve other species, such as nearshore rockfish (Sebastes spp.).

A more accurate approach to modeling the fishing impacts on populations incorporates environmental variation and accumulated errors in policy implementation (Mangel 2000, Roughgarden 1996, 2000).  Mangel (2000) assumes an overall reduction in fishing effort by restricting fishing in a network of reserve areas.  Therefore, the model assumes that there is high mortality due to fishing outside reserve zones and no mortality due to fishing within reserve zones.  Roughgarden (1996, 2000) assumes that there is an overall reduction in fishing effort across the region.  The approaches converge on a similar conclusion because the overall result of reducing fishing effort is the same, whether the reduction is uniform (all over) or average (compartmentalized into reserve and non-reserve areas).  Long-term economic profit over a 50 year planning horizon was maximized at (2/3)k to (3/4)k depending on how unpredictable the environment was and how many errors accumulated in the policy implementation process (Figure 3).  

An increase in fished populations from (1/2)k (predicted MSY from traditional models) to (2/3)k-(3/4)k (predicted sustainable population size accounting for environmental fluctuation and errors in policy implementation) requires a reduction in fishing effort by 1/3 to 1/2.

Developing sustainable fishing practices

How do we reduce the fishing effort by 1/3 to 1/2 of the levels suggested by traditional fisheries models?  

1. One possibility is to set aside 1/3 to 1/2 of the management area as a reserve, while fishing at the same effort (MSY) outside the reserve (black lines in Figures 2-3).  Reserve areas equal to 1/3 of the total area could be set aside if additional harvest regulations were applied outside the reserve areas to allow populations to reach (2/3)k to (3/4)k.  No additional harvest regulations may be needed outside reserves if reserve areas (1) comprise at least 1/2 of the total area and (2) include important spawning grounds and a variety of representative habitats.  Reserves may fail to sustain harvested populations in a fluctuating environment if the set-aside area is reduced below 1/3 of the total area.  The minimum area may not be sufficient to protect sustainable populations of all species of interest.  Species with large dispersal distances and low intrinsic rates of increase require larger reserve areas for long-term protection. 

2. The same protection of populations could be attained without no-take reserves if the fishing mortality were lowered by the same fraction everywhere (green lines in Figures 2-3).  If the environment is variable, the fishing effort must be reduced to allow the population to reach (2/3)k to (3/4)k.

What is the minimum threshold level for sustainable populations? 

(Mace and Sissenwine 1993)

The preceding discussion of optimal reserve sizes for fisheries management is based on the assumption that populations are managed at maximum sustainable yield (50% of carrying capacity) and that unpredictable environmental fluctuations and unavoidable errors in policy implementation will lead to inevitable collapse of these fisheries (e.g. Newfoundland cod).  

In order for fish stocks to persist, successive generations must replace each other on average.  This means that egg production or the amount of spawning per recruit (SPR) must not fall below the threshold level that is necessary for replacement.  Each fishery under Federal management defines overfishing based on the threshold replacement levels.  With the exception of the few stocks, threshold levels are chosen arbitrarily and are generally set from 20-35% of the carrying capacity.  Two serious sources of uncertainty limit the accuracy of these estimates.  First, it is difficult to estimate the true size of an unexploited stock.  Second, estimates of fishing mortality may be inaccurate, particularly for species that are both fished and captured as by-catch.  Estimating the threshold replacement level using incomplete information about stock sizes and underestimates of real mortality may lead inadvertently to overfishing and eventual stock collapse.

It is possible to estimate threshold replacement levels from spawning-recruitment (S-R) data (Mace and Sissenwine 1993).   The replacement spawning per recruit (SPR) was etimated as the inverse of the median survival ratio from the S-R scatterplots or equivalently, the inverse of the slope of the straight line through the origin that bisects the S-R observations.  The replacement SPR was normalized by dividing by the maximum SPR, resulting in the replacement % SPR.  

Threshold replacement levels (% SPR) of 91 populations of 27 fish species in Europe and North America varied widely among species (Figure 5).  Some species (e.g. Atlantic cod and most flatfish) exhibited consistently low levels of replacement % SPR (indicating a high resilience to fishing), while the smaller gadoids and many of the small pelagic species had values as high % SPR (indicating low resilience) (Table 2). The replacement % SPR ranged from 2.0 to 65.4% with a mean of approximately 20% (18.7%).  However, 20% should be considered too low for use as the default threshold replacement level since it is risky to assume that a stock is “average” when nothing is known about the spawning-recruitment relationship.  A more conservative approach to management would require default threshold replacement levels of poorly known fisheries stocks to exceed the 80th percentile of the cases in this study (approximately 30% SPR).  Although a 30% estimate may be overly-conservative for an “average” stock, 20% of the cases in this study (or 18 populations) exhibited threshold replacement levels above 30%.  To sustain all 27 species in the study, the level of protection must equal the threshold replacement level of the most sensitive population (65.4% SPR).

Review of theoretical and empirical studies on reserve size

The optimum size of a marine reserve depends on the goals for the reserve.  Different approaches to marine conservation and management require different levels of protection.  Arguments made for protecting the sea fall into several general categories:  (1) ethical, (2) minimizing the risk of overfishing and stock collapse, (3) maximizing fishery yields, and (5) providing resilience against human and natural catastrophes.  In the following discussion, we review alternative approaches to marine resource protection.

Ethics (from Roberts 2000)

People view the ocean differently from land.  While property rights constrain access and exploitation on land, the principle of “freedom of the seas” has led to freedom of exploitation of marine resources for centuries.  Today there are few places in the ocean that are not fished in some way.  There is growing dissatisfaction with the different standards applied to the land and sea.  Many people argue that, on ethical grounds, some places should not be exploited.   Using ethics alone to argue for a minimum proportion of the world’s seas to be protected is difficult, if not impossible from a scientific perspective.  However, Ballantine (1997) argued that 10% of the ocean should be protected to fulfill our moral obligation, leaving 90% open for exploitation (Table 1).  Ballantine’s recommendation is a “call to arms” for marine conservation, rather than a scientific argument.

Minimizing Risk of Fisheries Collapse

Having areas protected from fishing reduces the likelihood that a fishery will collapse due to over-exploitation.  If a portion of the population is protected, there will be a potential breeding stock to produce others in the future.  If a stock is overfished, the number of remaining individuals may be insufficient to restock the fishery.  Most fluctuations in stock size are unpredictable; some years a small population may produce numerous offspring whereas other years large populations may produce fewer.  Recognizing this natural variability, fishery managers attempt to maintain fish stocks above minimum replacement threshold levels.  Estimates of the minimum replacement threshold vary from 20% for the “average” species, to 65% for particularly sensitive species (Mace and Sissenwine 1993).  Recent research suggests that larger targets, of at least 35% of unexploited stock size should be protected (Roberts 2000).  Most models suggest that protecting a large proportion of the sea, between 30 and 50%, will greatly reduce risks of overfishing.

Catch Enhancement

Fully-protected marine reserves can do more than minimize the risk of fisheries collapse; reserves can enhance fish catches, provided that species are currently over-exploited.  If an areas in only fished lightly, a reserve will not necessarily bring any benefit for catches (although it may benefit species harmed by fishing activities, such as bottom-dwelling invertebrates).  Most models suggest that catches will improve in proportion to the amount of area protected.  However, maximum fisheries benefits, in terms of larval export and spillover, occur when reserves are large enough to sustain local production leading to export and spillover, but small enough to minimize the economic impact to fisheries.  The benefit of reserves for fisheries will depend on the intensity of the fishing involved and the vulnerability of target species to overfishing.  For example, it has been estimated for red snapper in the Gulf of Mexico that 15-29% of the fishing grounds should be set-aside as reserve areas (Holland and Brazee 1996).  For mixed species reef fisheries in the Caribbean, reserve areas that maximized catches were found to be 21% for a moderately fished area in Belize, 36% for a heavily fished area in Saint Lucia, and 40% for an intensely fished area in Jamaica (Pezzey et al. 2000).  Numerous studies conclude that protecting approximately 35% of fishing grounds will maximize catches (Table 1).

Resilience against human and natural catastrophes

Fully-protected marine reserves can help to protect species and habitats from catastrophic disturbances.  Most marine habitats are vulnerable to disturbances of one kind or another—tropical regions often experience hurricanes, while virtually nowhere is safe from the possibility of an oil spill.  When viewed across long temporal and large spatial scales, severe disturbances in marine ecosystems are not uncommon.  Events such as large storms and oil spills can cause massive mortality and dramatic habitat effects on local or even regional scales.  

Although designers of marine reserves might assume low risk from such events over the short term, catastrophes are quite probable over the long term and must be considered in reserve design.  For example, an oil spill may disrupt ecological processes and trophic structure of communities within reserves for some period of recovery.  During the period of recovery, the reserve will not provide services of conservation and enhancement of local populations.  Consequently, designers of marine reserves must consider the rate of occurrence of catastrophic events and the rate of recovery of species or communities after a catastrophic event.  For marine reserves to be effective, the total area protected must not be disturbed simultaneously by catastrophes.

A simple way to increase performance of a reserve network is to allow for the effects of catastrophic disturbance by inclusion of additional area.  The minimum effective reserve size is the size of a reserve network that will meet the goals for the reserve (e.g. conservation) in a stable environment multiplied by an “insurance factor” that takes into account the frequency of severe disturbance to the environment.  Allison et al. (in press) developed a method of determining this “insurance factor”: a multiplier to calculate the additional reserve area necessary to ensure the functional goals of reserves can be met within a given area. 

The simplest estimate of the “insurance factor” (M) is 

M=1/U 



    equation (2)

where U=(1-h)T and 

U is the fraction of coastline unaffected by catastrophes, 

h is the fraction of the coastline that is affected by catastrophes each year, and 

T is the number of years required for a site to recover from a catastrophe.

This estimate requires the assumptions that catastrophes strike coasts evenly and randomly so that the probability of any point being affected is constant.  However, these assumptions may be relaxed and the insurance factor may be estimated (1) with temporally and spatially variable h, and (2) with a variety of types of catastrophes, each with unique h and T.

Allison et al. (in press) estimated the insurance factor for oil spills on the California coast for two different recovery values (T=2 years and T=20 years).  Disturbance rates were based on the average percentages of California coast affected by oil spills per year between 1985 and 1997.  In the Santa Barbara region, the insurance factor varied from 1.2 to 1.8, suggesting that the minimum sustainable reserve size in the Santa Barbara region should be 1.2-1.8 times larger than the minimum sustainable reserve size in a stable environment (with no unpredictable catastrophic events) (Allison et al., in press). 

Effectiveness of existing marine reserves

The use of closed areas to meet various conservation and fisheries management goals for temperate marine systems has had mixed results in the few situations where data are sufficient to permit evaluation (Halliday 1988, Horwood 2000, Piet and Rjinsdorp 1998). When areas are closed only seasonally (such as the areas designated to protect spawning aggregations in the northeast U.S.), they have had very limited effect, because of the level of effort outside closed areas and increased effort on post-spawning aggregations after the closures ended (Halliday 1988, Brown et al. 1998). Year-round closures of the North Sea "plaice box" have been somewhat successful in limiting exploitation of juveniles and reducing bycatch mortality, but the overall level of the stock remains fairly high, and fishing by some fleet sectors continues within the box (Horwood 2000).

Several factors seem critical to the efficacy of closed areas for reducing fishing mortality rates, protecting juvenile or undersized animals, and enhancing productivity: (1) the degree of fish movement across closed-area boundaries, (2) the spatial distribution and quantity of displaced fishing effort, (3) the relative catchability of the target stocks outside the closures, and (4) the level of protection afforded to undersized animals taken by the fishery.  For animals with discrete juvenile and adult distributions, closed areas will reduce fishing mortality (ideally, to zero) and allow development of a balanced age structure. Populations that exhibit balanced age structures likely will have a higher intrinsic rate of growth than populations that are skewed toward juveniles or non-reproductive adults. In the case of overfished species that are widely distributed, or which make extensive movements, closed areas may not be effective as a primary management tool, unless extensive proportions of the species range can be closed (Lauck et al. 1998) with much more than 20% being advocated generally.

The Georges Bank closures (From Murawski et al. 2000)

In the mid-1990s, the scientific community recommended immediate reductions in fishery mortality on groundfish stocks to avert wide-spread collapse of fisheries on the Georges Bank (NEFSC, 1994).  As a result, the Secretary of Commerce, acting under his emergency authority, closed three large areas of historic importance to groundfish spawning and juvenile production, totaling 17,000 km2, on the Georges Bank and in Southern New England.  The closures prohibited any gears capable of retaining groundfish (trawls, scallop dredges, gill nets, and hook fishing) in the reserve areas.  For Georges cod, haddock, and yellowtail flounder, Areas I and II represent about 21%, 17%, and 29%, respectively, of the area occupied on Georges Bank. The third area represents about 22% of the southern New England yellowtail flounder’s range and the total area represents approximately 30% of the sea scallop’s range. 

Effects of reserve designation

In the ensuing five years, the closed areas significantly reduced fishing mortality of depleted groundfish stocks.  Exploitation rates (proportion of the stock at the beginning of the year killed by the fishery during the year) declined for all species from 0.3 – 0.8 to less than 0.2 during the 1994-98 period.  Spawning stock biomass (from increased survival and size in reserves) increased in all species, up to 700% for haddock.  To quote Murawski et al. (2000), “From some stocks, improved recruitment survival combined with higher spawning stock biomasses is beginning to generate recruitment levels necessary to sustain fishing near maximum sustainable yields.” 

Placements of the closed areas afforded the greatest year-round protection to the shallow sedentary assemblages of fishes (primarily flounders, skates, and others) and bivalve molluscs.  As expected, the fastest-growing species (especially scallops) showed the most rapid responses to reserve establishment.

The areas were closed to dredge gear designed for sea scallops (Placopecten magellanicus) because of groundfish bycatch (particularly flounders). Scallop biomass increased 14-fold within the closed areas between 1994 to 1998. In July 1998, total and harvestable scallop biomasses were 9 and 14 times denser, respectively, in closed than in adjacent open areas.  Satellite tracking now shows that scallop fisheries are now concentrated near reserves, and total landings are at 50% of 1994 levels.

The set-aside of large regions of the Georges Bank has proved to be an important element leading to more effective conservation of numerous resources and nonresource species.  Conservation of nonresource species has been a supplemental benefit of reserves that were designed originally to protect basis of spawning grounds of haddock and populations of yellowtail flounder (Limanda ferrugineus) in southern New England.

Reserve failure

Marine reserves may fail to contribute effectively to conservation or fisheries management for a variety of reasons.  Reserves may be located in the wrong place.  People may protect a region of low diversity, or an area with an unsustainable (or sink) population.  Alternately, currents around reserves may limit dispersal into and export from reserve sites.  Another reason for reserve failure is lack of enforcement of reserve regulations.  If reserves are far from potential enforcement officers or too big to be patrolled effectively, people may not follow reserve regulations.  Additionally, small reserves may not meet expectations.  Environmental fluctuations may impact the availability of food and cover within small reserve zones, forcing individuals to leave the protected area. Demographic stochasticity may limit reproduction within small populations.  For example, by chance small populations may be predominantly one sex or the other, limiting the potential for reproduction.  Finally, catastrophic events may destroy the ecological integrity of a small reserve zone.  These catastrophic events may be natural, such as large storms, or generated by humans, such as oil spills.

Conclusions
The size and design of marine reserves will influence the success of management, conservation, and fishing.  It is in the best interest of all people to protect viable populations of marine organisms for future use and enjoyment.  This common need can provide the basis for consensus in reserve design.  To maintain biodiversity requires maintaining the ecological roles of all species in natural population densities and sizes.  If some of these species are fished, then no-take reserves must be of a size (or percentage) to guarantee sustained population levels of all species within the reserves.  Marine reserves for conservation must be as large as possible within the constraints imposed by fishers and other users.  Data from harvested populations indicate that on average, populations below 2-65% of their normal carrying capacity are not sustainable in the long term.  Given the available empirical data, a minimum reserve size of 30% would sustain approximately 80% of the species for which data are currently available.  To meet the minimum requirements for all species, the fraction set aside in reserves would need to exceed 70%.   A reserve area of 30-50% of an area of interest will achieve some measure of protection for both conservation and fisheries goals.  Because of the complexity upon which this estimate is based, evaluation of its effectiveness is necessary to determine whether alteration (reduction or increase) is appropriate based on future assessment.
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Figure 1.  Break-even habitat size in km.  The break-even habitat size is the minimum habitat for population growth to match loss from emigration.  Large reserves (e.g. 300 km2) are necessary to sustain species with high dispersal (i.e. 100 km) when r varies from 0.5 to 1.  Smaller reserves (e.g. 50 km2) may sustain species with lower dispersal (e.g. 10 km) when r varies from just above 0 to 1.  

Figure 2.  Production expressed as a function of stock size (blue), fishing mortality (green), or reserve set aside (black).  Stock size varies from 0 to k (carrying capacity), corresponding to the fishing mortality varying from r (the intrinsic rate of growth) to 0.  Maximum sustainable yield occurs at a stock size of 0.5k, corresponding to a fishing mortality of 0.5r.  Reserve set aside is defined as a fraction of the stock’s area where no fishing is allowed, assuming that the fishing mortality outside the reserve remains at 0.5r.
Figure 3.  Probability of fishery collapse over 50 years as a function of stock size (blue), fishing mortality (green), or reserve set-aside (black).  Harvesting involves a random component (e.g. environmental variation) superimposed on the deterministic policy target (e.g. MSY).  Probability of collapse drops to zero at a stock of 0.75k, corresponding to a fishing mortality of 0.25r, or a reserve set-aside of 50%.

Figure 4.  History of the Newfoundland cod fishery (divisions 2J, 3K, and 3L), comprising approximately 400,000 km2 (modified from Roughgarden and Smith 1996).     The annual harvest in thousands of tons is plotted as a solid line, the annual stock size as a dashed line, and the annual quotas as solid dots.  The fishery shows three phases, 1960-1980, 1981-1990, and 1991-1993.  The harvest was higher in the first phase.  In the second phase, the harvest matched the annual quotas and the fishery appeared to be well managed with relatively constant harvest and stock.  The cod fishery collapsed in the third phase.  

Figure 5.  Estimates of percent spawning per recruit for 91 populations of 27 fish species from North America and Europe.

Table 1.  Recommended reserve sizes as a proportion of the managed area.

Table 2.  (See Table 2 in Mace and Sissenwine 1993)

Table 1.  Recommended reserve sizes as a proportion of the managed area.

	Reference
	Percent Set-Aside
	Objective

	Sladek-Nowlis and Roberts (1997, 1999)
	75-80%
	Maintain long-term sustainability yields of fish species with high fishing mortalities.



	Hannesson (1999)
	50-80%
	To produce catches and spawning stock levels of cod (Gadus morhua) equivalent to those of an optimally contrilled fishery (one where stock size is held at 50% of the unexploited level).



	Mace and Sissenwine (1993)
	20-80%
	Maintain sustainable populations of fished species.  



	Roughgarden (1998)
	30-50%
	Maintain exploited populations at 75% of their unexploited size.



	Clark et al. (1989)
	25-75%
	Reduce the likely time to extinction of an exploited population with no reserve.  A reserve of 25% increased time to extinction by 8 times, one of 50% by 40 times, and one of 75% reduced extinction risk to the level of unexploited populations.



	Lauck et al. (1998)
	31-70% 


	Maintain populations above 60% of their carrying capacity over a 40 year time horizon.  The reserve area required increased with fishing intensity.



	Lauck et al. (1999)
	>50%
	Ensure high probability of stock persistence under variable levels of harvest.



	Allison et al. (2000)
	35-50%
	Ensure high probability of stock persistence under variable environmental conditions with periodic catastrophic events.



	Carr et al. (1998)
	35-50%
	Maximize long-term sustainable yields of fished species and reduce annual catch variability.




Table 1.  Recommended reserve sizes as a proportion of the managed area.

	Reference
	Percent Set-Aside
	Objective

	Roughgarden (2000)
	30-50%
	Ensure high probability of stock persistence under variable levels of harvest and under varying environmental conditions.



	Sumaila (1998)
	30-50%
	Protect stocks without greatly reducing economic benefits.  The size depends on the degree of risk managers are willing to accept.



	DeMartini (1993)


	20-50%
	Increase spawning stock size to provide insurance against uncertainties associated with fisheries management.



	Quinn et al. (1993)
	50%
	To maximize population sizes and sustain existing levels of catch of the California red sea urchin (Strongylocentrotus franciscanus).



	Dahlgren and Sobel (2000)
	40%
	Elevate stocks to sustainable target levels.



	Sladek-Nowlis and Roberts (1999)
	40%
	Elevate stocks from current levels of overfishing.



	Mace (1994)
	40%
	Maintain sustainable populations of fished species.



	Man et al. (1995)
	20-40%


	Maintain sustainable populations of fished species in networks of reserves.



	Roberts (2000)
	20-40%


	Reduce the risk of overexploitation and fishery collapse. 

Maximize long-term yields of over-exploited species.



	Polacheck (1990)
	10-40%
	Maintain long-term sustainability yields of Georges Bank cod (Gadus morhua) under variable levels of harvest and varying environmental conditions.




Table 1.  Recommended reserve sizes as a proportion of the managed area.

	Reference
	Percent Set-Aside
	Objective

	Turpie et al. (2000)
	36%
	To maximize long-term persistence of species along the South African coast.  



	Bustamente et al. (2000)
	36%
	To represent all coastal habitat types in each of five biogeographic zones encompassed by the Galapagos Islands.



	Stockhausen et al. (2000)
	>35%

in a network of reserves


	Elevate stocks from current levels of overfishing.

	Mangel (2000)
	>35%
	Maintain long-term sustainability yields of stock persistence under variable levels of harvest and varying environmental conditions.



	Botsford et al. (2000)
	35%
	Maintaining adequate reproduction for all species.



	Hastings and Botsford (1999)


	35%
	Maintain adequate reproduction for all species.  For species that reproduce over long lifespans, the fraction of area set aside is smaller than the fraction of the adult population that needs to be protected under conventional management.



	Dahlgren and Sobel (2000)
	30%
	Elevate stocks from current levels of overfishing.



	Guenette and Pitcher (1999)


	>30%
	To provide more robust biomass of spawning cod (Gadus morhua) and to reduce the number of years with poor recruitment.



	Pezzey et al. 2000
	21% in moderately fished areas

36% in heavily fished areas

40% in intensively fished areas


	To enhance fish catches of mixed species reef fisheries in the Caribbean.




Table 1.  Recommended reserve sizes as a proportion of the managed area.

	Reference
	Percent Set-Aside
	Objective

	Attwood and Bennett (1995)
	25-30%
	Increase catches of galjoen (Dichistius capensis) and blacktail (Diplodus sargus) and to reduce the risk of recruitment overfishing of surf zone species in South Africa.



	Holland and Brazee 1996
	15-29%
	To enhance fish catches of red snapper (Lutjanus campechanus) in the Gulf of Mexico.



	Sladek-Nowlis and Yoklavich (1998)
	20-27%
	Maximize long-term sustainable yields of bocaccio (Sebastes paucispinis) and reduce annual catch variability.



	Foran and Fujita (1999)
	10-25%
	To rebuild the egg output by stocks of Pacific Ocean Perch (Sebastes alutus), and improve catch per effort.



	
	25%
	Reduce mortality of cod (Gadus morhua) in the North Sea by 10-14%.



	Goodyear 1993
	>20


	To lower the risk that a fishery will collapse due to over-exploitation.



	Trexler and Travis (2000)
	10-20%
	To decrease directional selection due to fishing.



	Botsford, in press
	17% of the 

California coast
	To increase long-term catches of California red sea urchins (Strongylocentrotus franciscanus).



	Ballantine 1997
	10%
	To fulfill our ethical obligation to protect a minimum proportion of the world’s seas.
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