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Abstract

The rebuilding of populations within no-take marine reserves can lead to a variety of positive and negative biological, fisheries, and management outcomes for fished species. Positive effects include increasing larval production, maintenance of genetic diversity, establishment of populations free from disease caused by fisheries captures or through indirect trophic effects, increasing the local catch rate via spillover of juvenile and/or adults from the reserve, increasing stability in catch rates, increasing stock resilience to recruitment failure, management failure (i.e. over exploitation) or environmental catastrophe. Rebuilding of populations within marine reserves may also enable estimation of population parameters such as fishing mortality and natural mortality, enable the estimation of ecological impact/importance of a species, enable the outcomes of fisheries management policies to be evaluated against an unfished benchmark, and enable the effects of environmental change on a stock to be discriminated from fishing effects. However, marine reserves may also cause some negative impacts on fished stocks. The most important of these is the displacement of fishing effort from the reserve and thus increased fishing intensity on stocks in the remaining fishable area. Other potential negative impacts of marine reserves include reduced management efficiency for some stocks compared to traditional fisheries management, decreased biomass of smaller species that are prey to others within the marine reserve and thus decreased size of the overall stock, and becoming refuges for invasive species.
The magnitude of both positive and negative effects of marine reserves on the wider stock are highly dependent on the size of the marine reserve relative to the stock area, reserve size in relation to the distance moved by individuals in a population, the placement of the reserve in relation to the distribution of the stock, and the length of time the reserve has been in place. Imporatantly, reserve effects will be most pronounced on stocks that are heavily exploited and least or negligible on stocks that are under very low fishing pressure.
Mitigation of adverse effects and enhancement of benefits of marine reserves on commercial, recreational and customary fishing can occur at three stages; during identification of marine reserve objectives, when choosing the number, size and placement of marine reserves to achieve the objectives and monitoring post-reserve establishment to establish whether the objectives have been met. Key considerations include establishing clear objectives and timeframes for change, obtaining fine scale data on fished species distribution and abundance, determining the level of exploitation of fish stocks within the region of interest, use of modeling to help select a size of reserve capable of achieving objectives, using  site selection software for choosing the number and location of reserves, setting reserve boundaries that support the reserve objectives, minimising displacement of fishing effort, and ensuring an appropriately designed monitoring programme is established well before protection starts using methods sufficiently reliable and precise to determine if the objectives are met over the expected time frame.
Introduction

No-take marine reserves are defined areas of marine habitat within which certain activities, such as commercial, recreational and traditional fishing as well as other extractive uses such as mining or sand dredging are banned and particular direct inputs, such as dumping of sediments or pollutants are prohibited. Thus, the only impact that conferring marine reserve status can prevent are those that might otherwise have occurred specifically in the area in question. No-take marine reserves status cannot confer protection from more generic effects such as sedimentation, pollution and climate change; these require mitigation on catchment, regional or global scales. It follows then that marine reserves are not and cannot be pristine or natural areas completely unimpacted by humans but merely areas where the direct point impacts of humans are eliminated or minimized (depending on the levels of compliance achieved).

However, this partly impacted state provides one of the greater potential benefits of marine reserves to conservation and fisheries generally because it can sometimes allow the effects of fisheries extractions and conservation actions to be clearly differentiated from the other more generic factors influencing marine populations. The caveat is that the extent to which marine reserves allow insight into the effects of fishing on marine populations depends on how big they are in relation to the normal ranges of movement of a particular species, where the reserves are situated, how long they have been in place, and the level of exploitation of the species in question. These aspects are explored in more detail below. 

More is known about the potential and actual impacts of marine reserves on populations of organisms within their boundaries than on the wider stock (Lubchenco et al. 2003, Sale et al. 2005). For instance, both an extensive series of recent theoretical studies (DeMartini 1993, Li 2000, Lindholm et al. 2000, Gerber et al. 2003, Rodwell & Roberts 2003) and increasing empirical evidence from around the world (Edgar & Barrett 1999, Lizaso et al. 2000, McClanahan & Arthur 2001, Russ & Alcala 2003, Russ et al. 2004, Micheli et. 2004, McClanahan & Graham 2005, Micheli et al. 2005, Pillans et al. 2005, Edgar & Stuart-Smith 2009, Franco et al 2009, Lester et al 2009, Goni et al in press) indicate that when previously exploited species or size classes are protected from fishing over a suitable spatial scale their abundance, mean size and biomass in many cases increases. In New Zealand there is good evidence for this effect for some species including rock lobsters, blue cod and snapper (Cole et al. 1990, MacDiarmid & Breen 1993, Babcock et al. 1999, Davidson 2001, Shears & Babcock 2003, Willis et al 2003,  Pande et al 2008,  Jack & Wing in press).

Modeling and some empirical evidence also suggest that increases in the population size and mean individual size of species within marine reserves can confer some biological advantages to the wider stock, some direct advantages to the fishers and some practical advantages to stock managers (Rowley 1994, see review of models in Gerber et al. 2003). These same models and ecological investigations (e.g. Graham et al. 2003, Willis & Anderson 2003, Dulvy et al. 2004) also indicate that establishment of marine reserves may also produce unintended negative consequences. Below I review the literature in order to describe the impacts, both positive and negative, of marine reserves on populations inside the protected area and on fish stocks and fisheries management in the broader stock areas. My focus is on the most recent approaches to the topic, with reference to New Zealand studies where these exist. 
Positive effects

Both theory and practice indicate that when previously exploited species are protected from fishing over a suitable spatial scale the abundance and mean size of the species in many cases increases within the protected area (Willis et al 2003, Russ et al 2004, MacDiarmid & Breen 1993, Kelly et al 2000, Alcala et al 2005, Micheli et al 2004, Pande et al 2008, Edgar & Stuart-Smith 2009, Franco et l 2009, Lester et al 2009, Stobart et al 2009, Watson et al 2009). Protection in a marine reserve can also allow the recovery of sex ratios when the fishery exploits one sex more heavily than another (Pillans et al 2005, MacDiarmid unpublished). In New Zealand there is good evidence of these effects for only a few species including rock lobsters (Jasus edwardsii) , blue cod (Parapercis colias)  and snapper (Pagrus auratus) (Cole et al. 1990, MacDiarmid & Breen 1993, Babcock et al. 1999, Kelly et al 2000, Davidson 2001, Shears & Babcock 2003, Willis et al 2003, Pande et al 2008, Jack & Wing in press).

This rebuilding of populations within marine reserves can lead to a variety of positive biological, fisheries and management outcomes for fished species. Biological effects including increasing larval production, maintenance of genetic diversity, and establishment of populations free from disease caused by fisheries captures or through indirect trophic effects. Fisheries effects include increasing the local catch rate via spillover of juvenile and/or adults from the reserve, increasing stability in catch rates, and  increasing stock resilience to recruitment failure, management failure (i.e. over exploitation) and  environmental catastrophe. Management effects include enabling estimation of population parameters such as fishing mortality and natural mortality, enabling the estimation of ecological impact/importance of a species, enabling the outcomes of fisheries management policies to be evaluated against populations subject to zero exploitation level. (i.e. provides benchmark), and enabling the effects of environmental change on a stock to be discriminated from fishing effects. These are discussed in more detail below.

1. Increasing larval production

Egg production in most marine fishes and invertebrates increases substantially with female size. For example, a small female red rock lobster, Jasus edwardsii, near the minimum legal size produces about 128,000 eggs each year while the largest females produce at least  539,000; over four times as many each year (Annala 1991). 

A direct consequence of there being denser and larger females of a species in protected populations is that their total egg production per hectare of reef can be much greater than on comparable areas of exploited reef. Comparison of rock lobster populations among reserve and fished localities in north-east New Zealand indicated that egg production per ha was on average 10 (range 4 – 24) times higher in the reserves than the fished populations (MacDiarmid & Breen 1993, MacDiarmid unpublished data). Another way of looking at this is that the egg production of lobsters within the 5 km long Leigh Marine Reserve is equivalent to the egg production along 76 km of adjacent heavily fished rocky coastline. Similar results have been found in other reserves (Freeman 2007, Barrett et al 2009, Jack & Wing in press) and for other species. For instance, estimated egg production of snapper, Pagurs auratus, was on average 18 times greater per unit area in three northern New Zealand marine reserves than in adjacent fished areas (Willis et al 2003).

In some fished species larger females not only have more eggs but mean egg size may also increase with female size (Chambers & Leggett 1996).  As larger eggs may hatch larger and more competent larvae (Tully et al. 2001), large females may make a more significant contribution to the effective breeding stock than the raw egg production figures indicate.

In a theoretical study of a site attached abalone with a widely dispersed larvae, Le Quense et al (2007) estimated that in the absence of undersized mortality caused by fishing, the stock is best managed through a combination of minimum legal size and effort controls. In contrast, when under-sized mortality occurred in the fished area, management that included enhanced larval production from no-take marine reserves, greatly increased sustainable yield.

 McGarvey (2003) cautioned that an increase in larval production in marine reserves will not automatically translate into increased recruitment to the broader fishery because of the huge and variable influence of events occurring during the planktonic phase. He found no relationship between estimated yearly egg production in the South Australian rock lobster (Jasus edwardsii) and recruitment of those eggs 6 years later.
2. Maintenance of genetic diversity

Fishing, if it reaches sufficient intensity, can affect the genetic diversity of a stock in two ways. First through the removal of 70-90% of the stock, fishing can reduce the overall level of genetic variation (DeSalle 2005). Second, because fishing normally removes the fastest growing, later maturing fishes, it can select for individuals that mature early and put more energy into reproduction at the expense of body size (Ricker 1980, Rijnsdorp 1991, Reznik & Ghalambor 2005). The subsequent reduction in mean adult body size will reduce the yield of the fishery (Conover & Munch 2002). New Zealand studies indicate that genetic loss has occurred in the fisheries for snapper (Hauser et al 2002, Bernal-Ramírez,et al 2003) and perhaps for orange roughy, Hoplostetus atlanticus. Marine reserves, by allowing populations to be maintained or rebuilt within their boundaries, help to counter these effects (Willis et al 2003; Baskett at al 2005). 

Of course the effectiveness of marine reserves from this aspect will be entirely contingent on the contribution of the reserve population to the effective breeding population of the stock overall. This in turn is affected by the size and the structure of the population within the marine reserve or reserves in relation to the fished stock. Small fish typical of heavily exploited stocks generally produce fewer eggs so that the effective contribution of larger fish from the marine reserve to recruitment may be far higher than their abundance alone might suggest (see above). This is an area that deserves further research and modeling.

3. Establishment of populations free from disease caused by fisheries captures

Marine reserves can establish populations free from disease caused by fisheries captures and indirectly through trophic interactions. Some diseases and infections can reach a relatively high incidence in a population because it is primarily driven by damage or injury occurring during the fishing process. Populations in marine reserves, because they are largely free from fisheries captures can thus act as pools of healthy uninfected individuals.  For instance, up to 17% of red rock lobsters in the fished areas adjacent to a marine reserve north of Gisborne show signs of tail fan necrosis while less than 2% of lobsters in the adjacent marine reserve are infected (Freeman & MacDiarmid 2009).
In California Lafferty (2004) found evidence that strongly suggests that fishing for spiny lobsters indirectly increases epidemics in sea urchin populations. Fishing down of predators such as spiny lobsters enables dense populations of sea urchins to establish and persist. These often graze the macro-algae and the resulting urchin grazed rock flats sustain the urchins in a poor state of nutrition making them susceptible to epidemics. Similar scenarios are thought to have occurred in northeast New Zealand (Babcock et al 1999, Shears & Babcock 2003).

4.     Increase in local catch rates

Over the longer term (~5 years or more) population rebuilding within a reserve may promote spill-over of particular fished species into the surrounding area and help sustain local catch rates at the same or higher level. There has been intense investigation of this phenomenon in recent years using mathematical models to determine under what circumstances spill-over is maximized (reviewed in Gerber et al 2003, Gerber et al 2005, Sanchirico 2005). Spillover and increased local catch rates are maximized when the instantaneous emigration rate is about 0.25 (DeMartini 1993, McClanahan & Mangi 2000, Gwerber et al 2003). With strongly site attached species although populations accumulate inside the marine reserve the very low rates of movement across the boundaries does not generate local increases in catches. At the other extreme, very high rates of movement does not allow population rebuilding inside the reserve and also leads to no increase in local catch rates. 

It is obvious that the net rate of movement across marine reserve boundaries is dependent on the behaviour of the species in question, the size of the reserve and where the boundaries are placed in relation to migration paths.  There is growing empirical field evidence for population rebuilding and spill-over into adjacent fisheries for a range of commercially harvested species around the world (e.g. McClanahan & Mangi 2000, Russ 2004, Alcala et al 2005, Goni et al 2006).  In the western Mediterranean Spain Goni et al (in press) estimated that emigration of the spiny lobster Palinurus elapahs from the Columbretes Islands MPA boosts catch weight by 10.6% immediately adjacent to the reserve and 12.9% regionally. The best evidence in New Zealand comes from studies of the catch characteristics (sex, seasonality and size) and the economics involved in fishing for rock lobsters (Jasus edwardsii) or crayfish near the boundary of the Cape Rodney to Okakari Point Marine Reserve (usually known as the “Leigh Marine Reserve”). Kelly et al (2002) surveyed the catch of a commercial lobster fisher for two years and compared catch rates, size composition, and value of the catch among the three areas; the offshore boundary of the Leigh Marine Reserve, the adjacent fished coast at Leigh and Little Barrier Island 20-30 km east of Leigh. They found that adjacent to the Leigh Marine Reserve lobsters were consistently larger and daily catch rates were the highest but were strongly seasonal being dependent on mid winter and mid summer migrations of lobsters across the seaward boundary to feed. Little Barrier Island had lower catch rates but with less seasonal variation. As a result annual CPUE was similar among the three sites surveyed.

Kelly et al’s (2002) study indicates how dependent the fishery for rock lobsters around the Leigh Marine Reserve is on the placement of the offshore boundary. Lobsters moved 1-1.5 km offshore to feed (Kelly et al 1999, Kelly & MacDiarmid 2003). The existing boundary 800m offshore enables otherwise resident lobsters to be fished. A 2km offshore boundary would prevent the fishery.  

5. Increasing stability in catch rates

It has been generally concluded that marine reserves by virtue of having denser populations with a wider range of size and age classes than typical of fished populations may, through spillover and larval export, increase the stability in catch rates in adjacent fished populations. Heavily exploited populations are highly dependent on the magnitude of a single year class growing into the fishery; these typically vary widely from year to year. Modeling indicates that marine reserves through the accumulation of stock from many year classes and slow leakage into the fishery has  the potential to buffer against these annual fluctuations and provide increased stability in catch rates (Rodwell & Roberts 2004). However, there is little empirical field evidence thus far to support this contention.  The best study to date is by Goni et al (in press) who found that spill over from the  Columbretes Islands MPA in the western Mediterranean provides 21.3% of the local and 15.9% of the regional catch of the spiny lobster Palinurus elephas each year.
6. Increasing stock resilience to recruitment failure, management failure (i.e. over exploitation), environmental catastrophe

The same accumulation of many year classes and larger, older individuals in marine reserve populations described above may also increase the resilience of the stock overall to recruitment failure, management failure or some environmental catastrophe preferentially affecting fished stocks. Indeed, the modeling by Rodwell & Roberts (2004) suggests that in a quota fishery there is a greater chance of a stock collapse without a marine reserve. Li (2000) using another modeling approach concluded that at an optimal size a marine reserve can make fishery management errors more tolerable and less costly. Empirical field evidence, however, is lacking.

7. Enabling estimation of population parameters

There is good evidence from studies of a small number of disparate species that the difference between very lightly exploited populations in marine reserves and highly exploited populations in adjacent areas provides the contrast necessary to enable important population parameters such as fishing mortality and natural mortality to be directly estimated. For instance, Willis & Millar (2005) were able to estimate fishing mortality in snapper, Pagrus auratus, based on studies of populations in the Leigh Marine Reserve and adjacent fished areas. Likewise, Macpherson et al (2000) were able to estimate natural mortality rates in littoral marine fishes using population data from a marine reserve. This parameter is notoriously difficult to estimate from fished populations alone (Ricker 1980). Marine reserves have also been used to evaluate the dive fishery for the warty sea cucumber fishery in California (Schroeter et al 2001). Structured before-after-control-impact studies were able to show that the abundance of this species declined significantly by 33-83% within 3-6 years in fished area yet was stable in marine reserves. In contrast commercial CPUE statistics showed no decline or a significant increase at one locality.  Begg et al (2005) estimated 12 different life history parameters for the two most important fished species on the Great Barrier Reef and contrasted them between fished and reserve areas. This clearly showed the effects of prolonged fisheries for these species.

8. Enabling the estimation of ecological impact/importance of a fished species

Fisheries management in New Zealand and around the world is increasingly moving towards a multi-species and ecosystem approach to management. This relies on an increased understanding of the interactions amongst species and other components of the ecosystem. Marine reserves through having populations of species that are more abundant and over a large size range than typical of fished populations provide the necessary contrast to enable estimation of the strength of interactions amongst species. For instance, Langlois et al (2005) by working in marine reserves and adjacent fished areas in northern New Zealand were able to differentiate between substrate effects and the effects of predation by red rock lobsters and snapper in infaunal populations of sediments adjacent to reefs. Similarly, a recent study by Ling et al (2009) inside and outside of marine reserves clearly indicates how overfishing of rock lobsters in eastern Tasmania reduces the resilience of kelp beds to climate-driven catastrophic increases in the abundance of grazing urchins leading to a widespread and stable shift to urchin-grazed barrens.
9. Evaluation of the outcomes of fisheries management policies

Protected populations of a species within marine reserves provide a contemporary benchmark against which to measure the effectiveness of different management strategies. Traditionally fisheries management success is benchmarked against some metric of the virgin unexploited stock. However, this unexploited stock is usually not well described and in any case it can be argued that because of environmental change or changes in the life history of the exploited species the characteristics of the virgin stock are not relevant to contemporary populations. Protected populations in marine reserves that are subject to the same vagaries of environmental fluctuation and recruitment variation potentially offer much more satisfactory benchmarks against which to measure the effectiveness of different management strategies.

10. Enabling the effects of environmental change on a stock to be discriminated from fishing effects.

Human exploitation is but one of many factors affecting marine populations. Discriminating between the effects of fishing and environmental drivers of populations is problematic without access to populations that differ only to the extent that they are fished. Micheli et al. (2005) used this approach to separate the effects of environmental gradients and fishing intensity on stocks of fish and invertebrates in the Mediterranean.

Negative Effects 

Marine reserves can have several unintended consequences including, increasing the fishing intensity in remaining fishable area, reduced efficiency compared to traditional fisheries management for some species, decreasing the biomass of certain species within the marine reserve and thus the size of the overall stock, and acting as refuges for invasive species. These are discussed below.

1.      Increasing fishing intensity

If no adjustment of commercial quota is made then the commercial as well as the recreational fisheries are displaced into smaller areas thereby increasing the impact on overall stock status. A recent worldwide review of population models for marine reserves makes reference to the likely effects of such displacement (Gerber et al 2003) and this has been modeled specifically by Halpen et al (2004). They found that for a settlement limited fishery, export of increased production from within the reserves can eventually offset the effects of displaced fishing, but the available empirical evidence one way or the other is limited. The models suggest that in almost every case the establishment of a marine reserve will lead to the displacement of current fishing activity by all sectors. The larger the reserve area the greater the fishing effort that is likely to be displaced into the remainder of the Quota Management Area (QMA). If the total allowable commercial catch for the affected species is not adjusted at least over the short to medium term (perhaps 1-5 years) then it is conceivable that any major displacement of fishing effort may increase the pressure on, and risk to, their populations outside the marine reserve. McGarvey (2003) in a study of the South Australian rock lobster fishery estimated that removing displaced effort (through an effort by-back scheme) achieved the biodiversity aims of the marine reserves while having a beneficial or neutral impact on the sustainability of the remaining lobster fishery. Unfortunately little research has been carried out in New Zealand on the likely short-term and longer term effects of marine reserve establishment on the overall status of a stock, species or habitat in a wider region. We suggest that this is a research priority.

An evaluation of the effects of establishment of a marine reserve on fished species in the wider area needs to take into account the likely short-term negative effects (through displacement of fishing activity) and the likely longer-term positive effects (through spill-over into adjacent fisheries), both of which are likely to be a function of reserve size and the relative mobility of the species in question.  
2.   Reduced efficiency compared to quota management systems

If the dispersal of a target species from a marine reserve is high relative to the replacement of these emigrants from external habitats (i.e. highly migratory species), reserves may be a less effective management tool than more traditional methods of fisheries management including quota management systems (Gerber et al 2005). Kaiser (2005) is more forthright and indicates that the current consideration of marine reserves as the basis of future fisheries management is a symptom of, not the singular solution to, the problem of inappropriate implementation of fishing controls. The latter will provide greater overall conservation benefits if properly applied. This rightly identifies the current world wide crises in fisheries management as a problem of governance not fisheries science.

An evaluation of the effects of establishment of a marine reserve on fished species in the wider area needs to take into account the likely short-term negative effects (through displacement of fishing activity) and the likely longer-term positive effects (through spill-over into adjacent fisheries), both of which are likely to be a function of reserve size and the relative mobility of the species in question. 

3.   Decreasing the biomass of certain species within the marine reserve and thus the size of the overall stock;

Longer-term decreases in biomass of some species within marine reserves has been documented in both tropical and temperate marine reserves (e.g. Holland 2000, Willis & Anderson 2003; Graham et al. 2003, Dulvy et al. 2004, Micheli et al. 2004, McClanahan & Graham 2005), probably due to the increased abundance of predators or a loss of some habitats, leading to reduced egg and larval production within a stock area. A worldwide review by Micheli et al (2004) found up to a third of species in different studies (19% on average) appeared to be negatively affected by protection in marine reserves. Studies by Edgar & Stuart-Smith (2009) and Lamb & Johnson (in press) both identified that smaller fish typically reduce in Australian and Bahaman marine reserves respectfully, probably a consequence of an increase in the abundance and size of large piscivores. Similarly, Watson et al (2009) found that the mean size of a wrasse was less in Western Australian marine reserves than in fished areas and also implicated elevated abundances and sizes of it main predator in marine reserves as the principle reason for this.  In New Zealand there has been a reduction in the abundance and mean size of kina within the Leigh Marine Reserve over a period of 30 years probably mainly due to the increased abundance of red rock lobsters and snapper within the reserve boundaries (Willis & Anderson 2003 , Babcock et al 1999, Shears & Babcock 2003). It is not clear how this has affected overall urchin egg and larval production however, as the remaining kina are probably better nourished by the more abundant macro-algal populations (Parsons et al 2004) and have larger and more productive gonads.

4. Marine reserves as refuges for invasive species

Blanket protection of species within marine reserves may shelter non-indigenous species that are normally impacted by harvesting, intensifying their impacts on native species and acting as a source of larvae and or emigrants to other areas.  In the only study of its kind Byers (2005) examined the impact of three alien clam species on native clam populations. He found that marine reserves enhance the abundance but not the competitive impacts of harvested non-indigenous species.

Critical caveats; considerations of marine reserve area, placement and time span and the level of stock exploitation
Both positive and negative effects of marine reserves on the wider stock are highly dependent on the size of the MPA relative to the stock area, reserve size in relation to the distance moved by individuals in a population, the placement of the reserve in relation to the distribution of the stock and the length of time the reserve has been in place. In addition, reserve effects will be most pronounced on stocks that are heavily exploited and least on stocks that are under very low fishing pressure (Holland 2000, Rodwell & Roberts 2004, Martell et al. 2005).

1.   Reserve Size

Populations of exploited species will generally grow within marine reserves (assuming average recruitment, survival and growth apply) if the mean instantaneous rate of emigration from the reserve is ~0.25 or less (DeMartini 1993, McClanahan & Mangi 2000, Gerber et al 2003). For sedentary species such as grazing gastropods and urchins and filter feeders such as mussels, small areas of perhaps just a few ha may be sufficient for population rebuilding while for more wide ranging species very large marine reserves would be required for most individual to stay within them. In a study of European marine reserves Claudet et al (2008) found that for every 10-fold increase in reserve size there was a 35% increase in the density of commercial fish species. There is strong field evidence that indicates that populations of a range of New Zealand’s  mobile reef invertebrates and fishes rebuild within reserves of 4-10 km2 (Cole et al 1990, MacDiarmid & Breen 1993, Kelly et al 2000, Davidson 2001, Willis et al 2003, Pande et al 2008). Similar results have been found in studies of marine reserves on temperate reefs in Australia (Edgar & Barrett 1999).

The larger the size of the reserve in relation to the area occupied by a stock the more extreme the impact of the reserve will be on the stock. Modeling of quota regulated fisheries indicates that reserve coverage of between 20% and 40% of the stock area prevents stock collapse in most cases but the results depend on the initial state of the stock and the exploitation rate (Rodwell & Roberts 2004). For some widely distributed and mobile fished species very large areas indeed would need to be made a marine reserve to approach this sort of stock coverage. For these species the impacts, both positive and negative, of marine reserves of more modest coverage will be low. For inshore fished species such as flatfish, rock lobsters, and abalone a marine reserve or reserves will have a corresponding larger impact on the overall stock. Depending on marine reserve placement, size and number it is conceivable that 20-40% or more of the area of some fish stocks could be impacted by marine reserves. 
It would be helpful for determining optimal sizes of marine reserves in New Zealand if modeling similar to that advocated by Gerber et al (2003) were undertaken for a range of commercially fished New Zealand species that varied in their life history characteristics and propensity for movement.

Whether a small marine reserve of 1 km2 with high rates of emigration for all but the most sedentary species is considered a positive or a negative influence on the wider stocks depends on the objectives for the marine reserve. If the objective is to rebuild local stocks of species such as mussels and abalone then it is likely to succeed. If it is to enable rebuilding of populations of rock lobster and blue cod in order to explore the ecosystem effects of predation by these species then it is likely to fail. Obviously considerations of marine reserve size must come after the objectives for a marine reserve have been clearly stated and agreed. 

Generally, larger reserves will generate more biological and management benefits than the same area made up of smaller reserves as a greater range of species will have the potential to rebuild within their boundaries. However, larger reserves will tend to reduce spillover into the surrounding fishery. If the area covered by reserves is held constant then single large or many small marine reserves will displace the same fishing effort.

2.   Placement of Marine Reserves 

The impacts (both positive and negative) of marine reserves on fisheries in New Zealand will vary according to their relative position along the coast. For example, the shelf in areas such as the far south of Westland, Fiordland, Kaikoura, Wellington and the Wairarapa is narrow, steep and topographically complex with depths of 2000 m reached within the 12 mile territorial sea limit. Marine reserves in these areas would affect mainly reef associated fisheries.  In many other areas the shelf is broad and gently shelving with depths of 120 m exceeded in only a few places within the 12 mile limit.  Trawl fisheries would be mainly affected by establishment of marine reserves in these areas. 
A numerical modeling study of marine reserve placement on the management outcomes of a fished species with sedentary adults and planktonic larvae (Kaplan & Botsford 2005) found that there was no advantage of variable placement of marine reserves over uniform configurations except for populations near to collapse. In collapsing populations, small changes in protection along the coastline generated by marine reserves can make the population locally persistent and thereby produce large changes in the overall stock production. There is no suggestion that any stock on the New Zealand coast is at such a point of collapse (Sullivan et al 2005), thus the arrangement of marine reserves (i.e random, regular, uniform) in an area occupied by a particular fish-stock is probably of very minor concern relative to the number and size of reserves. 

Placement of marine reserve boundaries can have important consequences. Freeman et al (2009) found that marine reserve boundaries that bisect habitat patches have consequences for the rock lobster Jasus edwardsii. Lobsters rarely crossed the muddy sediment between reefs in eastern New Zealand but became increasingly likely to migrate into fished areas as the proportion of their reef that was unprotected increased. Totally protected reefs had lobster abundances 10 fold higher than reefs where 90% of the reef area lay outside the reserve boundary.
The placement of a marine reserve will depend to some extent on its objectives. If the objective is to allow rebuilding of shelf species taken by trawl, then it should not matter exactly where the marine reserve is placed within the wide area of trawlable shelf. If the objective for a marine reserve is to protect a vulnerable outcrop of bamboo coral then its location is already specified and debate should focus on the size of the reserve required. Obviously, considerations of marine reserve placement must come after the objectives for a marine reserve have been clearly stated and agreed. 

3.   Time span of protection

Both positive and negative impacts take time to take effect – this will depend on the fishing pressure on the stock and the magnitude and timing of biological effects such as fluctuations in year class strength and trophic cascades (see Micheli et al 2004 for a world wide review). For example, predation on kina by increasing snapper and rock lobster populations in northern New Zealand marine reserves has taken 25 years to reduce it to densities sufficient for algal forests to reestablish (Babcock et al 1999, Shears & Babcock 2003, Parsons et al 2004). Similarly, long-term studies of Kenyan coral reefs show that full recovery of coral reef fish assemblages in terns of abundance and biomass may take longer than generally believed with peaks occurring 22 years after reserve implementation (McClanahan & Graham 2005). Beyond 25 years there can be a small loss in coral reef fish biomass due to reductions in net primary production caused by changes in the algal community from grazing (McClanahan & Graham 2005). 

Two recent meta-analysis, one of European marine reserves (Claudet et al 2008), the other a global review  (Molloy et al 2009), both concluded that the age of a marine reserve significantly increases the abundance of exploited species with fish densities increasing ~5% per annum relative to fished areas. Kelly et al (2000) estimated that rock lobster average size increases by 1.14 mm per year of protection and the abundance of legal sized lobsters by 7.4% per year of protection in northern New Zealand marine reserves. In a larger meta-analysis of New Zealand studies Pande et al (2008) found that rock lobster size increased with marine age but rock lobster total abundance (sub-legal and legal), blue cod abundance and blue cod size did not.  Kelly et al (2000) estimated that rock lobster egg production within four north-eastern New Zealand marine reserves had an overall rate of increase of 6.7% per year of protection; a consequence of a continued increase in lobster size and/or abundance.
4.   Level of stock exploitation
The positive and negative effects of marine reserves discussed above will generally be most pronounced on stocks that are heavily exploited and least or negligible on stocks that are under very low fishing pressure (Holland 2000, Rodwell & Roberts 2004, Martell et al. 2005, Hart & Sissenwine 2008). Exceptions to this occur. Lightly fished species may be negatively impacted when stocks of their predators build in reserves (Babcock et al. 1999, Planes et al. 2000, Willis & Anderson 2003, Dulvy et al. 2004). Robertson et al. (2005) found that marine reserves made no difference to the state of the stocks of a fast growing commonly fished site-attached herbivorous reef fish; in this species growth and survival was strongly temperature dependant.  
Management tools to mitigate any adverse effects or enhance the benefits of marine reserves 

Mitigation of adverse effects and enhancement of benefits of marine reserves on commercial, recreational  and customary fishing can occur at three stages; during identification of marine reserve objectives, when choosing the number, size and placement of marine reserves to achieve the objectives and monitoring post-reserve establishment to establish whether the objectives have been met. Key considerations include establishing clear objectives and timeframes for change, obtaining fine scale data on fished species distribution and abundance, use of modeling to help select a size of reserve capable of achieving objectives, using  site selection software for choosing the number and location of reserves, setting reserve boundaries that support the reserve objectives, minimising displacement of fishing effort, and ensuring an appropriately designed monitoring programme is established well before protection starts using methods sufficiently reliable and precise to determine if the objectives are met over the expected time frame. These are discussed in more detail below.

1. Establishment of reserve objectives and timeframes for change

It is imperative that a marine reserve has clear objectives otherwise it cannot be designed to meet them and nor will monitoring programmes have a clear question to address. Moreover, some objectives are incompatible with others so unless it is clear which ones are critical there will be endless confusion and conflict about how to design, place, monitor and manage the reserve. For instance, if the objective is to establish populations free from the effects of fishing in as short a period as possible in order to determine, for example, the impacts of abundant top predators on reef ecosystems, then the marine reserve will need to be of sufficient size to minimise the net outflow of individuals across its boundaries. This size of reserve, however, will probably be inconsistent with a reserve where the rebuilding of populations within the reserve is expected over a very much longer time frame and the main objective is to maximise the spillover of individuals into the surrounding fishery.

It is conceivable that if an agreed objective for a marine reserve was to reestablish a reef ecosystem with the full suite of predators, novel management actions such as deliberate seeding of juvenile hapuku onto inshore reefs in a marine reserve could be considered. This would contrast sharply with the present hands-off approach to marine reserve management

2. Obtaining finer scale information on  fished species distribution and abundance

The more detailed the information available the better the final outcome for marine reserve design. Predictive models of the distribution and abundance of New Zealand harbour, demersal and reef fish based on research beach seines, trawl and underwater count data respectively are recently available on a 1 km2 basis (Francis et al 2005, Leathwick et al 2006 a & b, Smith 2008, MacDiarmid et al 2009). For pelagic species and fished invertebrates data summaries for large-scale statistical areas are all that is usually available. Finer scale fishing data do exist but permission is usually required from fishing companies to access these. With time and effort permission to use the finer scale data could be obtained, particularly if the payoff for the fishing companies or individuals involved was that they were explicitly included in the marine reserve design process. Finer scale data from research trawl surveys also exist and could be used for this process.

3. Determining marine reserve size

The efficacy of marine reserves in rebuilding stocks within its boundaries depends significantly on the magnitude and direction of net dispersal across the reserve boundaries (Zeller et al. 2003, Gerber et al  2005).  This in turn depends heavily on the life history and behaviour of a species, on the size of the marine reserve and the placement of marine reserve boundaries in relation to the habitats used by key species. Obtaining data on movement rates of affected species and incorporating these into the simple mathematical models outlined by Gerber et al (2003 & 2005) will enable better choice of minimum size of MPA to achieve the stated objective. 

Data from New Zealand studies provide an indication of probable distances moved for a range of species including blue cod (70% don’t move significant distances but remainder move up to 41km; Mace & Johnston 1983, Cole et al 2000), snapper (42% are resident within a few ha; Willis et al 2001), rock lobsters (80% are resident within a single reef system for 1 yr; Kelly & MacDiarmid 2003), and hapuku (13%-40% were recaptured at the tagging site often after long periods at liberty; Beentjes and Francis 1999). Movement data for many other fished species are lacking.
4.  Using  site selection software for choosing the number and location of reserves

Computer software models such as MARXAN and SPEXAN are now available that can make the planning for reserves more objective than they were formerly (eg Image & Weatherhead 2003). A comparison of marine reserves established by ad hoc procedures in South Australia with those selected using MARXAN indicates definite advantages to conservation goals of using this software to guide reserve selection (Stewart et al 2003). Leslie et al. (2003) used SPEXAN to design a network of marine reserves in the Florida Keys while Sala et al. (2002) used a similar approach to design a network of marine reserves in the Gulf of California. If nothing else the discipline of specifying the selection criteria makes the reserve selection process more transparent. 

5. Setting longshore and offshore boundaries to match the reserve objective

The placement of the reserve boundaries should ideally support the stated objective for the reserve. For example, if enhancing spillover of reef species is the objective then placement of boundaries across reefs and close to shore will ensure that trans-boundary movement is maximised.  For example Freeman et al (2009) found that emigration of rock lobsters from protected reefs increased 10% for every 10% of reef area that was open to fishing. Alternatively, if rebuilding of reef species is to be maximised then the longshore boundaries should be placed in the middle of sandy bays not bisecting reefs (Freeman et al 2009) and the offshore boundary placed at least 2km offshore of the nearest reef so that sand-flat foraging by rock lobsters is contained within the reserve (Kelly and MacDiarmid 2002). 
6.   Minimising displacement of fishing effort
Displacement of fishing effort from the marine reserve into the remaining fishable stock area could increase the potential for fisheries collapse. A way to avoid this is by adjusting the commercial quota to take into account the proportion of stock removed from the fishery through the establishment of the marine reserve. If the exact proportion of stock in the marine reserve is not known the area of suitable habitat with the marine reserve relative to the area of similar habitat in the total stock area could be used a suitable proxy. Likewise recreational and customary catch may be able to be reduced in the greater stock area to take into account the proportion of the population unavailable within the marine reserve through altering input controls (timing of season, daily catch limit, minimum size limit, etc). If spillover of species from a marine reserve later occurs it is possible for the commercial quota and daily bag limits etc be adjusted upwards. 

7. Establishment of reserve monitoring

Only through monitoring of appropriate species both within a marine reserve and in other similar fished areas will it ever be known if a reserve is fulfilling its objectives. A prescriptive approach with a standard monitoring design is not practical as the design will need to vary according to the objectives for a particular reserve. However, ideally the monitoring programme, using reliable and precise methods, should start prior to reserve establishment and include enough sampling in appropriate areas inside and outside the reserve such that the design has adequate statistical power to determine if the MPA can met its objectives within its stated time frame. The importance of appropriate and early start to monitoring with respect to understanding the impacts of reserves on the wider fished stock cannot be over-emphasized.
Conclusions
Jones (2007) cautions that it is counter-productive for no-take marine reserves to be argued for on the basis of their benefits to the broader fish stocks and fisheries management generally as this distracts from their potential to achieve marine biodiversity objectives. In this review I indicate that much of the debate about the benefits and impacts of marine reserves on the wider fisheries stems from ignorance of the role of  marine reserve size and the degree of exploitation of the species in question. When the protected area is small compared to the wider stock area and/or when the species is only lightly exploited then the impacts of marine reserves, both positive and negative, on the wider stock, will be negligible. Debate on impacts of marine reserves on the wider fish stock should focus on those that are large relative to the stock area and on species that are under moderate to high levels of exploitation.
Recommendations for further work

It is critical to ensure that further work is carried out to determine the best design for marine reserves, the impact of displaced fishing effort on stock status and whether stated policy goals of particular marine reserves are in fact effective. A recent review of critical science gaps impeding the uptake of no-take fishery reserves (Sale et al 2005) highlighted five areas requiring urgent attention:

a. Describing larval dispersal distances as these dictate reserve size, network placement and spill-over.

b. Determining juvenile and adult patterns of movement as this will dictate species likely to benefit from a marine reserve approach and the size of reserve required.

c. Knowledge of the ecosystem response to protection as lack of knowledge in this area may lead to unintended consequences.

d. Increased knowledge of hydrodynamics, especially nearshore and small scale, because this scale of process may greatly influence larval dispersal.

e. The impact of marine reserve implementation on overall protection to a stock, species or habitat; does displaced effort merely compound problems in other areas leading to no net gain?

To this I would add the need to compile reliable information on the status of exploited stocks in the region where marine reserves are contemplated. Sufficient funding must also be available to support monitoring and research before and after establishment of a marine reserve. This has not always been the case. An example of this in New Zealand was the significant time lag between the establishment of Marine Parks around the Sugar Loaf Islands and at Mimiwhangata and the funding of research that identified the general ineffectiveness of the partial closures to fishing (Denny & Babcock 2004, Miller et al, unpublished NZ Department of Conservation Report). 
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