SYSTEMS OF MARINE RESERVES: INTRODUCTION
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A summary/introduction from the network design portions of Bill’s Marine Reserve course at Leigh





The second 'level' of this course looked at sets of reserves, either spatial clusters or sets that matched some principle (e.g. one in each region). There were only a few existing examples. The third and final level considers 'systems' of marine reserves. A system would have a complete plan, at least in principle, and final aims. There are no systems of marine reserves in existence yet anywhere in the world, but plans that approach that level have been discussed in some places. The study of systems is therefore theoretical in the sense that we cannot produce any direct evidence. However, it is highly practical in the sense that many places (including New Zealand) are close to attempting to create such systems and in some professional circles the idea of such systems is now under active discussion.





It is important to stress (yet again!) that the creation of a system of marine reserves, or even practical steps towards that end, are not things that scientists can just get on with on their own. We are not dealing with an 'in house' professional matter. Any serious steps towards a marine reserve system will require political action at a high level, and, hence, widespread public support for this.





It is quite possible to create single marine reserves without any principles at all. Indeed most marine reserves so far have been created for reasons which are local, specific and sectorial. Even sets of marine reserves, while they may reflect principles recognised by some groups, do not actually require them. Systems however, almost by definition, require principles. We need to be clear what this means both in theory and practice. A system has aims which are largely independent of any particular reserve. The selection and arrangement of reserves for a system is based on principles, not precise detail. There are generally several, and often many, detailed ways of satisfying those principles. The task of the scientists is to determine, define and explain the principles needed to create an effective system. It is not their job to decide which precise instances (reserves) are used to create the system.





The idea of an 'effective' system depends on the aims. It is also the job of scientists to determine what aims are possible and reasonably likely. This grows from a study of possible uses, benefits and values. Notice how this whole argument is almost, but not quite, circular. Proper scientific evidence normally depends on doing the experiment, presenting the results and arguing what they demonstrate. In the case of systems of marine reserves, the 'experiment' (creating a system) cannot be done without widespread public approval. The public and the politicians will ask quite reasonably 'Where is the evidence ?





Despite this apparently logical impasse, progress is possible. It follows a route that has been used many times in other issues. Indirect and partial evidence is used by professionals to constrain the conclusions and hence to determine reasonable principles. Theoretical systems based on these principles are then evaluated to indicate the level and probability of various uses, benefits and values. All this is presented to the public in basic terms (meaning both simple and fundamental) for their decision. Most political decisions are based on a belief in principle (rather than proof of a particular outcome).





It may be helpful to consider some practical and theoretical examples. Back in 1970, 1 was trying to write a design brief for a large new seawater circulation system for the Leigh laboratory. I calculated the amount of water needed at the cliff�top (as thousands of litres per hour) and then chose a shore pump of a size that delivered rather more than that (at the pump outlet). Then I had to calculate all the 'losses' due to overcoming suction lift, 'head'(height of cliff), fiction in the pipes, valves, etc. to determine how much water would in fact be delivered to the header tanks by such a pump. Not surprisingly this was not what was wanted, but gave me a basis for a 'better guess' at pump size. However the new pump size not only had a different output, but also different pipe size, etc. so all the frictional calculations had to be re�done to produce a new answer. I got so fed up with this lengthy procedure I went to see an engineer and asked him how the professionals did it. "Like you are doing" he said, " they just get better at guessing".





A more famous and more 'scientific' example is known as the '3 body problem'. When Newton produced his laws of motion and gravity, it was clear that given the mass, position and existing motion of two bodies, all future movement could be calculated directly. However to the surprise of many people, it could be demonstrated that for 3 (or more) bodies no direct calculation was possible. The relevant equations all related to each other, so that some assumptions had to be made to get started. However the result of this could be checked against actual motions (in near future), corrections made to the assumptions, recalculation, and so on. Successive approximation can thus give the answer to any degree of accuracy required, it just takes time. NASA are not guessing when they fire off a space probe! With modem computer programs the successive calculations can be done very rapidly, but the method is still 'successive approximation'.





More and more examples could be given until it is realised that this process is normal, both in science and everyday life. It is the way science is done. When we report on the conclusions, we often (simply to keep it short and simple for reader) change the argument to some linear form of logic, but this is rarely how we did it.





In the case of marine reserves, we (the scientific and general community) are in the middle of the process. We have worked out quite a lot of principles relating to single marine reserves (partly from direct observation of trials, partly from general biological theory, but mainly by relating these to each other to see how they 'fit'). A number of people are thinking about the principles relating to sets of reserves, and have made some progress. At the level of principles for systems, the process has barely started and we are at the frontier. Even with a reasonable level of modesty, there is every reason to suppose we can do make some worthwhile and interesting progress, if only because we are prepared to try.





When opponents or doubters on marine reserves say 'Yes, but what evidence do you have?', we need to be clear about the nature of the question. In practical terms it is on a par with questions like 'What evidence is there that sending this 5 year old child to school will do any good?' or What evidence is there that I should insure my house'? Good and real evidence will not relate to the particular (the child, that house, or this site for a reserve), it will be evidence about principles.








SPATIAL ARRANGEMENTS FOR MARINE RESERVE SYSTEMS





Introduction





Scientific approaches to the siting of marine reserves are generally based on analysis. They aim to determine as precisely as possible the best locations and sizes of the marine reserves in a region. The feature most commonly used is the supply and dispersal of larvae of some important fish species. The idea is to place reserves in the tsource' areas rather than the 'sinks'. While this kind of analytical approach has obvious relevance for fisheries management (or any other clearly defined purpose), there are good reasons to reject it on principle for the arrangements of systems that are designed to be multi�purpose and to be independent of detailed data. One way to understand why this is true is to list the data and assumptions that would be needed for an analytical (bottom up) approach.





The alternative is an approach which uses general principles to deduce the necessary form of an appropriate spatial arrangement. This approach only requires a level of information which is available for almost all regions. It does not produce precise locations or boundaries. It only shows is the best type of arrangement. This may be viewed as a disadvantage, but merely showing the range of possibilities avoids any suspicion of imposition. This approach is top�down in that it insists on principles, but it allows users, locals and other interest groups to choose the precise sites from the range of suitable possibilities.





THE ANALYTICAL APPROACH:





1. Using a single species (the necessary assumptions or data sets are numbered)





Species X is selected because it so important that its support is the prime purpose of the reserve system (1). Its distribution and the number of separate stocks in the region are determined (2). If there is more than one stock they are treated separately. The spawning sites (3) and times (4) are investigated, and the duration of larval life is determined (5). From a knowledge of the current patterns (6), the routes of larval travel are calculated (7). Some allowance is made for year to year variation in all of these features e.g. in current patterns (8) and for the effects larval behaviour e.g. directional swimming or depth distributions (9). Some checks are made to assess (e.g. by direct sampling) which are the main larval sources (10). Reserves are then located primarily to protect those sources of larvae (spawning sites) which contribute most to the adult stocks, but reserves are also provided to protect some of the adult stock, together with any special requirements e.g. for nursery grounds or feeding areas.





The problems with this approach are fairly obvious. There are many significant factors; there is a great deal of scope for variation in these factors; there are many possible interactions and, even with high�grade data, there is no guarantee that a clear answer (for marine reserve arrangements) would emerge. Moreover it is unlikely that good data would be available for many of the relevant factors, even in well studied species.





Larval Dispersal; and spatial design considerations





Why do most marine species have so many tiny eggs?





The majority of species and the bulk of biomass in the sea have large numbers of very small eggs.





Consider an actual case: In a 'natural' (i.e. unfished) stock


	(i) a female snapper reproduces for about 20 years


	(ii) it spawns around 1 million eggs each year


	(iii) on average this results in 2 reproducing adults (one male and one female)


	(iv) the probability of an egg surviving to this stage is around 1 in 10 million


(v) it would be biologically simple for the fish to increase the size of the eggs and reduce the number and this would have clear advantages


(vi) since this does not happen the existing arrangement must be supported by strong selection pressures (i.e. have survival value)


(vii) this means that a set or sets of very low probability events govern the survival of eggs/larvae


(viii) this means that even if we can predict what happens to 90% or 99% of the eggs, there are good reasons to suppose that this does NOT tell us what happens to the important survivors (i.e. the ones of real interest).


(ix) this means that when we can predict the main breeding areas, AND the probable speed/direction of currents from these, AND, hence, the likely dispersal of most of the eggs/larvae there is NO reason to suppose we have determined the location of most of the survivors.





There are exceptions�


	All marine mammals, birds, reptiles have few large eggs


	Elasmobranch fish have few large eggs and/or viviparity


	Wide scatter of species with egg cases and direct development


	Wide scatter of species with viviparity and brooding


	Many forrns of asexual reproduction (and/or colonial development)





The distribution of egg size/number is bi�modal in the sea i.e small numbers of large propagules is a possibility but that the opposite is more general and frequent





Since reduction of egg numbers/increase in size is very straightforward and has obvious selective advantages there must be other and very strong selective pressures against this. What are they? Can we postulate them in general terms?





They must be concerned with the problem of dispersal to new areas and hence this must be of considerable importance. In the majority of marine species and in the majority of marine habitats a need to do some different from supporting/reinforciing the local population must be sufficiently frequent to provide a strong selection pressure against larger/fewer/more locally successful propagules.





This general feature strongly supports the value of a dispersed network of marine reserves against the idea of fewer larger and more�careful sited reserves. If natural selection is unable to rely on sustaining populations locally it is unreasonable for us make arrangements that focus on this.





Using additional species





Even if all the information needed for each species was available, and even if in each case this did indicate an appropriate arrangement for reserves, there is another serious problem. Marine reserves do not exist to support one species, but all. If xve try to consider more than one species, it is very unlikely that suitable arrangements coincide. Most of the factors are likely to be different, even within groups. The variation in spawning sites, breeding seasons, and durations of larval life among fish species in a region will be large. When other groups with different habitats and breeding systems are added it quickly becomes impossible to find any precise or definite features in common. There may be some large�scale general features (e.g. produced by major current patterns or coastal form), but we did not need a lot of specific data or fine scale analysis to determine these.





In short there is no reason to suppose the analytic method is a sensible or practical method for assessing the spatial arrangement of marine reserves. Note carefully however that if in some particular case (e.g. some clearly defined and vulnerable spawning grounds for an important species), it is perfectly possible for standard fisheries management to arrange local and specific protection for this species. This is already common practise.





We should resist the temptation to create marine reserve arrangement by another detailed analytical stock�specific method. Marine reserves are an addition to the standard methods of fisheries management. Good management uses different systems to cover different aspects. Where analytic methods are practical they can, should, and will be used to assist specific stocks, but there is no point in confusing this with marine reserves.





Marine reserves offer fisheries management protection against problems that are not amenable to detailed analysis. Known problems of this type are common. It may be too expensive or difficult to collect the necessary data, the variability may be too large to make precise decisions, or the interactions may be too complex or subtle for detailed analysis. Furthermore there are likely to be more problems, as yet unknown or only vaguely suspected, which are important. Marine reserves offer insurance against a wide range of problems that are not suitable for careful analysis.





AN ALTERNATIVE APPROACH:





If a detailed and analytical approach to the spatial arrangement of marine reserves seems impractical (a bottom�up approach), what alternatives are there? Would it be more practical to use general principles to constrain the possibilities � a top�down approach? There are several established principles and some general features of the situation (biological and physical) which strongly suggest that this is a useful method.





Help from established principles





Representation


We have already established that a marine reserve system must, for a variety of crood reasons, include examples of all species, habitats, ecosystems and regions


.D


(see sessions 3, 7, 8 and 9). This principle has many spatial consequences.





Replication.


We have also established that for each ecosystem and habitat in each region there must be several spatially�separated examples in a marine reserve system.





Minimum practical size


Although not mentioned previously, there is obviously some minimum practical size for any marine reserve. Socio�political practicality is one aspect, but physical and biological features are also involved. The different aspects tend to be positively linked. The whole of a small estuary may be only tens of hectares, but is biologically suitable and socially practical as a reserve. In the open sea a mimimum of many square kilometres is needed for practical and biological reasons.





These three principles will provide the first levels of constraint on the spatial arrangements of a marine reserve system.





Help from known general features





Dispersive propagules





The majority of marine species have small dispersive propagules that move passively or with limited control with the water currents. These may be spores, eggs, planktonic larvae or small post�larvae with weak swimming power. Furthermore most species that do not have this feature, and many that do, are capable of major active movements as adults. The planktonic dispersion of small eggs, larvae, etc. means that the recruitment of many populations is decoupled from their reproduction. The off�spring produced by the local adults do not necessarily recruit to that population.





Dispersive propagation is a serious problem for sustainability of single marine reserves. Unless they are very large indeed, single reserves may still be dependent on outside areas for recruitment of some species. However when considering the spatial arrangement of a system of marine reserves the dispersal of small propagules can be used to provide theoretical and practical advantages.





There is not a lot of empirical evidence for the effect of multiple marine refuges, but the general principles are fairly clear. There is some support from terrestrial pest control (and a little from marine pest control). On land it is well�known that the extermination of pest species is rendered much more difficult if there are scattered refuges of any kind from which re�invasion can take place. This is particularly true for plants like thistles with wind�blown seeds. Relatively small scattered patches of thistles can maintain a serious weed problem for farmers even when weed control (such as spraying) is continued regularly over most of the region.





It is highly likely that marine reserves (patches) scattered over a region and containing populations with full�reproductive power would act to support continuing populations throughout the region i.e. propagules would reach other marine reserves sufficiently to maintain their populations and, incidentally, all places in between. [Note the need for corridors between reserves, which is an important feature for scattered terrestrial reserves in many species is not relevant to species like thistles and would not usually be relevant for marine reserves where most of the species have small dispersive propagules. Even the most intensive fishing between reserves is unlikely to have any effect on the dispersal of planktonic eggs and larvae.]








The natural patterns of coasts and marine habitats





The actual form of coasts and the distribution of habitats is very complex and varied, but it is far from random and does not show infinite variation. On the contrary there are very strong patterns (which form a fractal series � see session 8). We casn use these patterns to test some arrangements for a marine reserves system.





The simplest case would be a straight coast with parallel depth contours. If we assume that depth zones are a reasonable proxy for habitats ( i.e. and we know that depth correlates well with most major ecological factor), then representation would be most simply satisfied by a reserve strip which lies normal to coast. Such a strip would represent all the depth zones and do so proportional to their actual area. Replication would be satisfied by 3 or more spatially separated strips.





Fig I illustrates this. At first sight, it seems only two decisions are needed to give the map scale (i.e. turn theory into practice) (i) Decide the width of the strips (x kin) (ii) Decide the distance between the strips (y km)





Three additional points further constrain the design:





(iii) Feedback from decisions on the total size of the system (see session 14) means that the x:y ratio is governed by the total amount to be reserved by the system. e.g. if 10% by area is to be reserved, then x:y = 1:9.





Furthermore, minimal practical sizes (see above) will add another constraint





(iv) Simple practicalities and basic biology mean there is a lower limits for x and y and will strongly �suggest upper limits.





In most circumstances on open straight coasts: x is only reasonable if well above I kin and much less than 100 kin y is only reasonable if more than 20 km and less than 200 kin





(v) The final constraint is the total length of the straight coastline (combining with all the above). Fig 2 gives an example worked out on these principles.





Complications





However, in fact there are many more possibilities. Why should x should be a constant, i.e. all strips have the same width? There are clear advantages in varying it, e.g. different species probably have different requirements and for most species we do not know those requirements.





The same is true for y. Replication allows x and y to be varied and theory (plus insurance against ignorance) strongly suggests they should be. The ratios mentioned above will still apply to totals. e.g. the sum of xs: sum of ys must be 1: 9 to reserve 10% by area of everything.





Furthermore it is possible to provide variation in inshore/offshore arrangements. There is strong evidence that ecological variation is greater close to shore (i.e. more variation needed there) so 'stepping' the strips may be a good idea. Fig 3 illustrates some possibilities.








When we consider more complex coastal forms (with a higher fractal) and their associated habitats, prediction in detail becomes much more difficult, but there are still strong patterns that constrain representation and replication. In effect, as the fractal increases, the necessary design moves from simple stripes, through clusters to a scatter pattern.





The natural features of currents and water movement





Everything we know about natural water movement stresses variability at all scales. While for strictly limited purposes, we may choose to define some direction and speed of mean flow, the reality is dispersion and variability. The analogy of smoke from a chimney is relevant. We see the smoke moving down wind and can estimate a direction and speed, but only in a very limited way. The plume of smoke disperses quite quickly � meaning the air moves in many directions and at various speeds � even with what we call a 'steady' wind. Prediction in any detail of the paths of the smoke particles is not possible.





There is no reason to suppose that we could predict current patterns in sufficient in detail to show what happens to eggs and larvae. There is no reason to suppose that it is the same in different seasons. There is no reason to suppose that this is constant from year to year.





Network design





The conclusion from all this is that there is no single correct design for a marine reserve system. However a design that maximises the possible pathways that could occur would be optimal. Such designs are generally referred to as networks.





Network designs are highly practical and commonly used in human affairs. In some cases the network functions consist of the 'strings' (e.g. roads), in others both the strings and the 'nodes' form the network (e.g. a telephone system � the lines and the exchanges). But network systems where the nodes provide the function are also common (e.g. schools, hospitals, TV transmitters, etc.).





All network systems have as basic principles: (i) The spatial rules�governing the efficiency of the system do not define the precise position of any piece (node or string) of the network (e.g. this town needs a secondary school, but it does not have to be on this crossroads). (ii) The efficiency of the system depends on its capacity, but not on designing each piece to carry out precise functions. (e.g. all children need access to secondary schools, the number that will become engineers from this school this year is not relevant). (iii) Networks attempt to maximise the possibilities rather than plan precisely. Multiple interlocking redundancies generate the efficiency of a network � there is always some way 'it' can happen, even if 'it' was not foreseen.





An effective and efficient system of marine reserves will depend on having a network design which (without any detailed information) will enable all species, breeding in any manner, to reach other reserves sufficiently often to make the whole system self�sustaining.


