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Individual-Based Models of Snapper Populations in Marine Reserves


Optimising marine reserve design in New Zealand – Part II: Individual-Based Models.
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1. Executive summary

1. Detailed behavioural data from a variety of sources was used to construct individual-based models of snapper populations in marine reserves.  Predictions of the model were not significantly different from measured snapper abundance ratios in scenarios run for two marine reserves, at Leigh and Tawharanui.  The models are therefore considered a valid tool for examining a range of scenarios relating to size, shape and effectiveness of marine reserves with respect to snapper.  

2. When expressed as a fraction of the snapper population in a “virgin” state (the complete absence of fishing anywhere), snapper populations within existing marine reserves at Leigh and Tawharanui have achieved abundances less than 30% of their potential.  Even doubling the size of these reserves would produce an inconsequential increase in the level of protection.  

3. Reserves in the order of 40 km2 or more are required in order to achieve abundances greater than 50% of the unexploited stock.  Increases in reserve size beyond this point are predicted to result in a diminishing rate of return in terms of level of protection.  

4. Egg production per recruit is strongly influenced by reserve size, and snapper populations within existing marine reserves at Leigh and Tawharanui are predicted to achieve egg production less than 20% of their potential.  Egg production per recruit is not predicted to approach 50% of virgin egg production until reserve sizes are greater than 100 km2 .  

5. Comparative age-structures of fish populations in fully exploited areas, marine reserves and virgin populations all differ substantially, however the population structure within reserves resembles that for a fully exploited population more closely than a virgin population.  Due to the level of movement shown by snapper, fish are not  “locked up” by reserves and fish with home ranges based in reserves are predicted to have a relatively high chance of being caught outside the reserve.  On balance, marine reserves with a size similar to Leigh and Tawharanui err in favour of fishing rather than conserving snapper populations.  

6. Predictions of the model are sensitive to variations in the level of fishing mortality on coastal reefs, the proportion of fish displaying highly resident vs wide ranging vs migratory behaviour, and whether fish return to the same area of coast year after year.  Continuing strategic research on key elements of snapper behaviour can enhance the accuracy and credibility of the model further, through continued and expanded acoustic tagging studies.  
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2. Introduction

2.1 Modelling the response of fish species to Marine Reserves

In the absence of long-established well-enforced marine reserves of adequate size to allow the direct measurement of marine reserve effects, many of those interested in the effectiveness (e.g. Polacheck 1990, DeMartini 1993, Attwood & Bennett 1995, Sladek-Nowlis & Roberts 1999) or otherwise (Parrish 1999) of marine reserves have utilized numerical models of fish populations to explore their effectiveness.  This approach has the merit of enabling a range of scenarios to be examined over a very short period of time, at least relative to the periods that would be required to obtain the same information by empirical means.  Unfortunately many such models are constructed based on limited or non-existent data, and apply to hypothetical fish populations.  

Significant levels of uncertainty surrounding such models are often ignored or played down, at least until they appear to produce contradictory results.  An example of this can be seen by comparing the results of the model of Parrish (1999) for California groundfish, with those of Hastings & Botsford (1999).  Parrish concluded that the impacts of reserves would be detrimental to the fishery because of displacement of fishing effort, while Hastings and Botsford’s model showed that even with high proportions of reserves the yield of the fishery would be similar to what it would be without protection.  Other concerns surrounding the use of models not based on realistic behavioural data springs from suggestions that the greatest fisheries benefits from marine reserves may come from closures of 40% - 50% (Lauck et al 1998, Sladek Nowlis and Roberts 1999).  Such closures would constitute very significant areas of the sea, consequently any variation in the estimates will also affect large areas.  

Clearly, unless models incorporate a realistic understanding of fish behaviour and biology their usefulness will be limited to a very general level.  However in many cases, certain species are of particular importance either ecologically or to the fishery, and these species may possess characteristics that do not conform well to “average” parameters.  Alternatively the geographic location may introduce particular constraints that limit the usefulness of a general model.  In such cases general models will be of limited usefulness.  Attempts to use numerical modelling to understand the dynamics of fish populations in marine reserves at fine scales, including the interaction of fish mobility with habitat and reserve size have been made (Chapman & Kramer 1999, Kramer and Chapman 1999), and have produced some thought provoking results.  However these models have relied on simplistic assumptions, including uniformity of fish behaviour within the population and between seasons.  

Mobility of a species or individuals throughout their life history will influence the degree of protection that a marine reserve of any particular design can provide. Models examining the relationship between the dispersal range, site fidelity and degree of protection, propose that reserves will provide maximal protection for species with high site fidelity and low dispersal range (Kramer & Chapman 1999). While high site fidelity and low adult dispersal range will mean that fish resident within reserves receive maximum protection, they are also, by definition, less likely to “spillover” into fisheries outside reserves.  This has important implications for the use of marine reserves as a tool for enhancing fisheries yield, since if fish don’t spillover there will be no enhancement of yield unless by egg export.  “Spillover” is most likely to contribute to fisheries adjacent to the reserve if a species has an intermediate degree of movement, spending enough time inside protected areas that individuals will increase in size before capture, but not so much that they have no likelihood of being captured.  At the other end of the spectrum are species that are so mobile that they never spend enough time inside reserves to benefit from protection, with no benefits for protection or spillover. 

It is crucial for any effective marine reserve design to gain detailed knowledge on the mobility and habitat utilisation of its inhabitants (Roberts and Polunin 1991, Attwood and Bennett 1994, Zeller 1997) as improperly designed reserves may provide a false sense of security for fisheries and conservation.  In order to be effective, a marine reserve must be big enough to retain a sufficient proportion of the protected population long enough for positive effects such as increased diversity, size, density, fecundity, or changes in the habitat to be realised (Polacheck 1990). Acquiring individual based movement data in combination with density distribution and changes, and habitat information allows a new degree of insight into the part of teleost life history.

Snapper (Pagrus auratus) are one of the most ecologically and commercially important marine fish species in New Zealand, and many other parts of the world, and also one for which assumptions of uniform behaviour are clearly invalid.  While snapper follow a seasonal migration in to shallow water (Crossland 1976, Cassie 1956), this migration is followed only by some fish in the population (e.g. Willis et al. 2000).  The seasonal build-up of snapper in coastal marine reserves in summer, and the reduction of snapper density over winter, is more consistent with an alternative theory of polymorphic snapper behaviour, that is a proportion of P.auratus are year round residents on reefs (the 'Kelpie' theory).  

Snapper resident on reefs can display high site fidelity and tagged fish have routinely been sighted in the Cape Rodney to Okakari Point Marine Reserve after periods longer than 3 years (Willis et al. 2001).  A re-sighting has recently been made 6 years after tagging (Babcock, unpublished observations).  Acoustically tagged snapper have been shown to have high levels of site fidelity, with the widest ranging fish having a core area of 300 m2 but representing a spectrum of site-attached behaviour (Parsons et al. 2000).  For example some fish appeared to make excursions from their home range in summer that may have been spawning-related.  More recently further acoustic tagging work in the CROP marine reserve has shown that, in addition to this highly site-attached behaviour, some snapper move more widely while resident on reefs, making excursions on the scale of several kilometers.  Some of these fish have been shown to leave the reserve and return to it after extended periods (Egli & Babcock 2002).  

The growing detail of our knowledge of snapper behaviour provides the opportunity to construct a realistic numerical model of snapper populations and how they respond to protection from fishing.  Because the assumptions on which the model is based are founded on actual observations of the species there is a reasonable probability that the behaviour of populations simulated in the model will bear a robust resemblance to natural populations.  Furthermore, because we have an extensive data set that has actually measured the population structure and relative density of populations inside and outside of several reserves, we have a means of validating the model.  This is a crucial aspect of modelling that is usually lacking from assessments of marine reserves.  However, should the models resemble the natural populations with some degree of accuracy, we are in a position to examine the implications of a range of scenarios without having to wait for empirical results.  This has obvious advantages for conservation and even fisheries management, and we can be reasonably confident that the conclusions will be correct, at least in broad detail.

In this paper we describe a geographically-correct, individual-based model that computes post-recruit survivorship and life-time fecundity of snapper that recruit into a marine reserve. The model is restricted in geographical scope to the immediate vicinity of the reserve and does not include recruitment processes, nor the broader stock dynamics. The model specifically considers the extent to which snapper that recruit in a marine reserve are protected from the adjacent fishery. The basis for these calculations is provided by the movement data (Parsons  et al.  2000, Egli & Babcock 2002), from which home-range movements are estimated. 

An important question underlying the modelling exercise is how large a reserve should be to protect snapper. It stands to reason that a reserve should be larger than the range over which a fish moves, but there will inevitably be a substantial number of fish that reside near the boundaries that will experience partial exposure to the fishery. Overall, therefore, no reserve can be expected to protect its inhabitants fully. Whereas the estimation of the size effects should involve a simple comparison of reserve area and home-range size, an analytical model could not be used for snapper. Movement studies showed differences between individuals with respect to movement behaviour that made an analytical approach intractable. In addition, fishing mortality rates varied substantially between inshore reefs, where snapper spend the summer, and deep water to where some snapper migrate in winter. The individual-based model performs these calculations by laboriously simulating the life of thousands of fish that vary with respect to their position and behaviour, and then aggregates the results.  

Apart from the existing reserves at Leigh and Tawharanui, the model is applied to alternative designs at both locations to explore the effect of reserve size. Further consideration of reserve shape necessitated a model of hypothetical rectangular reserves, for which length and width dimensions could be conveniently manipulated.

3. Methods

3.1 Description of individual-based model

A rectangular area larger than the reserve being modelled was divided into 100 m x 100 m cells (0.01 km2). Each cell was indexed twice according to a chart, firstly to denote whether it represented land or sea, and secondly to indicate if the cell was part of the reserve (i.e. where no fishing occurred) or not. The grid of cells was used to represent the use of space by individual snapper, and their susceptibility to the fishery on a probabilistic basis.

Snapper recruits were assigned randomly to cells that represented sea. The total number of recruits was sufficiently large to ensure that each cell received approximately 50 recruits, thus effectively eliminating random biases in the distribution of fish across the grid. No attempt was made to mirror habitat preference when distributing fish, primarily because habitat use has not been studied sufficiently to allow for its quantification. The longevity of each snapper was modelled stochastically on the basis of its use of cells and the probability of it dying in each cell. A random number generator (RAN0) was used to decide if the fish survived the month according to the calculated mortality risk. If the fish survived the month, then its trial continued into the following month, and so forth. The number of fish surviving each year (or age-group) was counted to yield an age-distribution.

The mortality risk for any one month was calculated by summing, across all cells, the product of the probability of the fish occupying that cell and the probability of it dying in that cell. For those cells inside the reserve, the rate of mortality (Z) was set to equal the natural mortality rate (M). For those cells outside the reserve, the rate of mortality was set to equal the sum of the estimated natural mortality rate and fishing mortality rate (F). The distribution of the probability of cell occupation was derived from telemetry data. 

3.2 Using telemetry data in the model

The probability of a fish occupying any particular cell within a month was estimated from telemetry data derived from two sources. Parsons  et al.  (2000) tracked five fish with the VEMCO RAPT system of three acoustic receivers, which estimated the position of fish by triangulation.  Egli & Babcock (2002) used an array of seven receivers with a combined signal-receiving range of 5.4 km2, from which the positions of eight fish were inferred by the relative strengths of the recorded signals at each receiver position. In both cases, the data were summarised by month into a two-dimensional grid of probabilities, by calculating the proportion of time each fish spent in each 100 m x 100 m cell. 

The home-ranges for individual fish were never symmetrical in shape. The cell most frequently used (called the home cell) was often offset to one edge of the range. It would be incorrect, for the purpose of this model, to calculate the home-range size and then to model it as a circular shape. Such a procedure would under-estimate the absolute distance that a fish might travel in its home-range, due to the fact that most fish had oblong-shaped home-ranges. Because there did not appear to be any trend for fish to forage predominantly on the seaward, or shoreward side of the home cell, it was assumed that the home-range of a fish could elongate in any direction from the home cell.  The two-dimensional grid of probabilities was then summarised into one-dimension by grouping together all those cells that were an equal distance away from the home cell. Such groups included either four or eight cells (Fig. 1). The distance (d) between any cell (at address x,y) and the home cell (centre of the home-range at address xc,yc) was calculated using pythogoras’ theorem, 
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Equation 1.

The probability of a fish occupying cells equidistant from the home cell were summed, and recorded against the radius calculated by equation 1, thus yielding a list of multinomial probabilities for cells located at radii (in m) of 0, 100, 141, 200, 232 etc. These probabilities describe the likelihood of a fish occupying a position at a given distance from the home cell, but directional information is lost. The multinomial probabilities that were used in the model were average values calculated from the tracked fish. 
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Figure 1. To obtain a radially-symmetrical probability density, the occupational probabilities in cells that were an equal distance from the home cell (HC) were added together. Here the first four radii are shown. Circles 1, 2 and 3 each fall on the centre of four cells, but circle 4 falls on the centre of eight cells.

For groups of cells spaced equally from the home cell, the probability of occupation decreased. Accordingly, with increasing distance from the home cell, the cumulative probability of occupation increased at an ever-decreasing rate, to the point at which all recorded positions were encompassed. This cumulative distribution was used to define the radii that encompassed 90 and 99% of the fishes’ movements within the period under investigation. 

Each fish was assumed to have a circular probability density distribution centred on the cell to which it recruited for the purpose of evaluating its risk of exposure to the fishery. Note that the probability density distribution was larger than the original home-ranges from which it was calculated, by virtue of it being circular, but the proportion of time spent at any given distance from the home cell was the same. It was important to conserve the distance component, rather than the actual size, when evaluating the risk of exposure to the fishery beyond reserve borders. 

During the execution of the individual-based model, the above procedure was reversed. The proportion of time spent in the cell to which a model fish recruited (home cell) was higher than in any other cell. The probability of that fish occupying other cells was calculated from the multinomial probability distribution described above. Such probabilities had to be divided by either four or eight, depending on the number of cells in the radius-group to calculate the probabilities for each individual cell. In cases where the probability density distribution overlapped land, the multinomial probability was divided among only sea cells. In this way, the model fish filled the available space without any distortion of the distances that it moved within the home-range.

It was observed that some fish left the study area towards the onset of autumn. Such behaviour was predicted, because the number of snapper on inshore reefs varied seasonally due to partial offshore migration (Willis  et al.  in press, Egli & Babcock 2002).  Therefore, the model made allowance for a certain proportion of fish, deemed to be migrants, to leave the inshore reefs for the months April to September. During this period, the migrants were at risk of being captured by the offshore fishery. In the absence of information to the contrary, it was assumed that migrants return to the same home cell each spring.  

3.3 Summarising the results

The model rests on the assumption that recruitment is constant over space and time.  While we know that this is not the case in nature (e.g Kingett & Choat 1981,  Francis 1993) it is a simplifying assumption that is unlikely to be affected by marine reserve status.  Because of the limited geographical scope, the spawner-biomass that determined recruitment was a function of much larger processes that were beyond the scope of this investigation. The model therefore presents results on a per-recruit basis, in much the same way as yield per-recruit and spawner-biomass per-recruit models are used to analyse fishing strategies.

Because recruitment in the model did not vary over time, and because fishing and natural mortality were also constant over time, the density of fish could be calculated from the projection of a single cohort . If the number of fish recruiting to cell (i,j) is R(i,j), and the number of those surviving to the end of each year (t) is St(i,j), then the density per-recruit (D/R) for cell (i,j) is:
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Equation 2

where tc is the age at recruitment, and tmax is the maximum age attainable by snapper. A variant of this indicator summed over the interval tc:tmax to include only mature fish.

The density of fish in the reserve was simply the average of all D/R(i,j) values over those cells included in the reserve. Likewise, the density of fish in the exploited area was the average of all D/R(i,j) values over the exploited cells. One measure of the effectiveness of a marine reserve is a simple comparison of fish density across a marine reserve boundary. The average D/R in the reserve was thus compared against the average D/R for the exploited area. Assuming uniform recruitment, that ratio can be compared to field measurements.

The ratio of density between the reserve and the adjacent exploited area does not provide an absolute measure of protection effectiveness since both reserve and non-reserve fish are affected by fishing.  For this reason, a comparison of density per-recruit against the density per-recruit in the hypothetical situation of no fishing anywhere was necessary. D/Rk is the notation used to describe the D/R that would result in the complete absence of fishing. D/Rk was calculated by summing the cohort strengths when only natural mortality applied, and then dividing that sum by the original recruitment strength. The mean D/R for all reserve cells was then expressed as a percentage of D/Rk, yielding a value that could range from 0 (no protection) to 100% (maximum possible protection).

D/R values reflect only numbers of fish and carry no information about the structure of the stock locally. Egg production (EP) is a useful measure of protection, because it includes age-structure, and provides a direct measure of the capacity of the fish to contribute to future recruitment. Again, this parameter is expressed as a per-recruit figure:


[image: image4.wmf])

,

(

)

,

(

)

,

(

))

(

(

/

max

j

i

t

t

t

j

i

j

i

R

t

E

S

R

EP

m

å

=

=

 

,




Equation 3.

where tm is the age at 50% onset of maturity, and E(t) is the mass of eggs produced by a fish of age t. This latter function was constructed from an age-mass relationship and an egg-mass relationship, the parameters of which are described below.

The number of fish surviving at the end of each year since recruitment was used to construct an age-distribution for fish in the reserve, and another for fish in exploited areas. The numbers-at-age were log-transformed and then regressed against age to yield a slope (Pauly 1984). The value of the slope was taken as a measure of instantaneous mortality rate, with units y-1.

In summary, the protective value of the reserve was measured by four variables:

1. Ratio of density per-recruit inside the reserve to outside, (a) for all fish and (b) for mature fish only);

2. Percentage of the maximum density per-recruit inside the reserve (mature fish only);

3. Percentage of the maximum egg-production per-recruit inside the reserve;

4. The mortality rate of fish in the reserve (calculated over the exploited ages only).

3.4 Parameter values

Estimates of critical ages and rates were derived from published sources (Table 1). A two-tier natural mortality rate was used, with fish over 20 years being at lower risk. With respect to fishing mortality, inshore reefs and offshore areas varied by an order of magnitude. The growth function, taken from Millar et al. (1999), is a power curve:
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equation 4.

Fish mass was related to length as follows (Taylor and Willis 1998):
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equation 5.

Fecundity (number of eggs produced) was related to mass as follows (Zeldis and Francis 1998):
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equation 6.

Table 1.  Parameter values used in the model. M = natural mortality rate, F = fishing mortality rate and , t = age at recruitment (r), first capture(c), 50% maturity (m) and maximum age (max).

	Parameter
	Chosen value
	Units
	Reference

	M (< 20 years)

M (( 20 years)

F (inshore reefs)

F (offshore)

tr
tc
tm

tmax
	0.075

0.05

1.0

0.1

1

5

5

50
	y-1

y-1

y-1

y-1

y

y

y

y
	Davies, Gilbert & McKenzie 1999

Davies, Gilbert & McKenzie 1999

Millar and Willis 2001

Davies, Gilbert & McKenzie 1999

Francis 1994

Davies, Gilbert & McKenzie 1999

Francis & Pankhurst 1988

Gilbert & Sullivan 1994


3.5 Reserve design alternatives

The existing reserves at Leigh and Tawharanui were used as test cases, but then each of these was also modified to provide smaller and larger alternatives (Fig. 2, Table 2). These alternatives provided a rather limited range of reserve sizes, and so a hypothetical rectangular design was created, to provide for a range of larger reserve sizes (Table 2). These reserve had three open boundaries (two short and one long) and one closed (representing the shore). There was little merit in testing smaller reserves than the two smaller versions of Leigh and Tawharanui.

Table 2.  Reserve dimensions. In the case of Leigh and Tawharanui, the length and width refer to the maximum east-west dimension and the maximum north-south cross-section respectively. Hypothetical rectangular reserves are prefixed with the letter H.

	Reserve design
	Length (km)
	Width (km)
	Area (km2)

	Small Leigh

Existing Leigh

Large Leigh

Small Tawharanui

Existing Tawharanui

Large Tawharanui
	2.0

3.7

4.4

1.6

3.6

4.6
	1.2

1.2

1.2

1.1

1.1

1.1
	1.9

3.3

4.6

1.5

3.1

4.0

	H1

H2

H3

H4

H5

H6

H7
	5

10

10

20

20

40

60
	2.0

2.0

4.0

4.0

6.0

6.0

6.0
	10

20

40

80

120

240

360
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Figure 2. Maps of Leigh (left centre) and Tawharanui (Right centre) reserves, with alternative designs above and below that were used in the simulations.  Scale bar 1 km.

4. Results

4.1 Home-range size

The initial tracking experiments conducted with the RAPT system of buoys showed that snapper were highly resident. More than 80% of the fish’s time was spent within a radius of 200 m (Fig. 3, also see Parsons et al. 2000). These estimates, while variable over time and between fish, showed no trend over the six months of the experiment (Table 3).  

A second experiment using an array of seven hydrophones found that some fish were highly resident as described before, but that others had a notably expanded range during some, but not all, months of tracking (Table 3). In these expanded ranges, 80% of the fish’s time was spent within a radius of approximately 1300 m (Fig. 3). From the short time-series available it appeared as if the expansion of the range occurred for one or a few months during the summer period, but the data were not conclusive. Not all fish expanded their range at the same time or for the same duration. Indeed, some did not expand their range at all. The absence of a similar phenomenon among the RAPT tracked fish suggests that any tendency to expand the range is not universal.
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Figure 3. Cumulative probabilities plotted against radius for two home-range sizes.  

Another phenomenon among some of the fish that did show an expanded range, was an abrupt disappearance from the reception area. It can be assumed that these fish migrated offshore.

For the purpose of modelling fish movements with respect to reserve boundaries, two distinct home-range sizes were recognised. At this stage it is difficult to assign any biological meaning to the distinction, although it is tempting to speculate that the larger home-range is a result of mid-summer spawning or courtship. The two home-range sizes were estimated from the data as indicated in Table 3.

Because neither of the two studies tracked fish for a full year, and because sample sizes were small, it is difficult to gauge the mix of behavioural types with any degree of certainty. The proportions used in this study were that 60% were migratory with an expanded summer home-range.  This was based on the change in numerical abundance of snapper at the Leigh Marine Reserve between October and February (Egli and Babcock 2002, Fig. 21).  Of the remaining fish, half (20%) were assumed to be resident with small home-range ( all 5 fish tagged by Parsons et al. 2000), and the other half (20%) resident with expanded home-range (the 5 non-migratory fish tagged by Egli & Babcock (2002).  Alternative proportions were investigated in a sensitivity analysis.

Table 3.  The radius that encompasses ninety and ninety-nine percent of fish movement calculated on a monthly basis. Fish with the 6000 labels were tracked by the RAPT buoys. Fish labelled 1-9 were tracked by an array of seven moored hydrophones. Values in normal font were used to estimated the small home-range, whereas those in bold were used to estimate an expanded home-range.
	Fish
	Size
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr
	May
	Jun

	6785

6786

6787

6788

6789

1

4

6

7

8

9
	90 % limit of activity radius (m)

	
	
	316

223
	1640

510
	1740

1616

510

1581
	223

1513

1081

1404
	224

100

200

141

141

316

640

1404

510
	300

100

141

223

223

761

447

500
	316

200

141

282

223
	224

200

200

223
	316

141

224

316

	6785

6786

6787

6788

6789

1

4

6

7

8

9
	99 % limit of activity radius (m)

	
	
	632

360
	1835

1204
	1835

1835

1300

1811


	500

316

223

670

1431

1803
	608

316

283

282

282

670

1431

1612

824
	707

316

283

282

223

854

781

500
	707

316

300

447

282
	539

316

400

300
	600

400

400

447


4.2  Leigh and Tawharanui: existing reserves

On a per-recruit basis, the density of snapper is predicted to be 1.5 times greater in the reserve than in adjacent exploited areas (Table 4). When including only mature fish in the comparisons, the ratio climbs substantially to 10.6 (Leigh) and 11.7 (Tawharanui).  In both cases, however, the density per-recruit of mature fish is only one-quarter of the maximum possible density per-recruit, i.e. the density per-recruit of mature fish in the absence of a fishery. The shortcoming of the reserves as a tool to restore fish population to a near unexploited state is more apparent when age-structure is taken into account (Fig. 4).  For example when egg-production capacity is calculated the ‘protected’ fish collectively produce less than one-fifth of the maximum value.  The weaker state of the egg-production index is ascribed to the relative lack of larger, more fecund fish. When assessing mortality rates from age-structure, the ‘protected fish’ had a total mortality (Z) value of approximately 1.4 y-1 in both reserves. Under absolute protection, the Z value should lie between 0.05 y-1 and 0.075 y-1. Therefore the model indicates a substantial loss from the reserves to fishing on adjacent reefs and at wintering grounds.

Table 4.  Predicted measure of protection of snapper expressed on a ‘per-recruit’ basis in two marine reserves (existing), and for comparison in two alternative designs for each.
	Measure of protection
	Leigh
	Tawharanui

	
	Small
	Existing
	Large
	Small
	Existing
	Large

	Ratio of D/R

All fish

Mature fish only

(D/R) / (D/RK)

(EP/R) / (EP/RK)

Estimated Z (y-1)
	1.48

10.29

0.24

0.14

0.14
	1.52

10.64

0.26

0.16

0.14
	1.58

11.54

0.29

0.19

0.13
	1.49

10.89

0.25

0.15

0.14
	1.56

11.71

0.28

0.18

0.13
	1.58

11.98

0.29

0.19

0.13
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Figure 4. Comparative age-structures of fish produced by the individual-based model for the Leigh Reserve, the adjacent exploited reefs, and for the no fishing (F=0) scenario.
4.3 Leigh and Tawharanui: Alternative designs 

Predictably, reserve size has a positive influence on the measures of protection (per-recruit), apart from the obvious effect of including more area and hence more fish. The alternative reserve sizes differed from the original by between 30 and 50%, but the changes in the measures of protection were not nearly as great (Table 4).

Expanded range of reserve sizes: hypothetical reserves.

With larger reserve sizes the ratio of mature fish density across the boundary increased to five and above, and mortality rates were reduced to approximately 0.1 y-1 (Table 5). When plotted together with the Leigh and Tawharanui reserve scenarios, the hypothetical reserves showed that success of protection ‘per-recruit’ increased asymptotically with reserve size (Fig. 5), although even the largest reserve did not achieve close to 100% protection. This short-fall represents the loss to fishing within the substantial migratory component. No coastal reserve can contain these migrations, and therefore migratory losses, which amount to a reduction of about 35% in density per-recruit are independent of reserve size. 

Table 5. Measures of reserve success for seven hypothetical rectangular reserves.
	Measure of protection
	H1
	H2
	H3
	H4
	H5
	H6
	H7

	Ratio of D/R

All fish

Mature fish only

(D/R) / (D/RK)

(EP/R) / (EP/RK)

Estimated Z (y-1)
	1.90

19.22

0.43

0.32

0.11
	2.00

21.13

0.47

0.37

0.10
	2.19

24.97

0.56

0.45

0.10
	2.26

26.26

0.59

0.48

0.10
	2.33

27.92

0.63

0.51

0.10
	2.35

27.93

0.63

0.52

0.10
	2.38

28.15

0.65

0.54

0.09


For egg-production per-recruit the loss was in the region of 45%. A good trade-off between reserve area and success is in the region of 40 km2. A reserve area of 40 km2 produced almost half of the maximum possible egg-production per-recruit, which was only slightly lower than that in a reserve nine times its size. Below 40 km2, egg-production diminished sharply.
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Figure 5. A comparison of the model predictions of reserve effectiveness across a range of reserve sizes. Two measures of effectiveness are used, namely the proportion of the maximum density per-recruit, and the proportion of the maximum egg-production per recruit.
A predictable effect of reserve shape is that changing reserve width has more effect than changing its length. For example, the increase in the measures of success from H4 to H5 was larger than the increase from H3 to H4, despite the equal jump in reserve area. This interpretation may be a spurious result of the model ignoring habitat preference. If inshore reefs are critical habitat then an additional offshore dimension is unlikely to be beneficial to the extent indicated.

4.4 Sensitivity to key parameters

Variations in the fishing and natural components of mortality over their approximate ranges of uncertainty did not profoundly affect the model outcome (Tables 6 & 7). An increase in the fishing mortality rate exacerbated the difference in the density per-recruit between the reserve and the exploited area, but at the same time reduced the density per-recruit in the reserve. Variations in natural mortality had exactly the opposite effect. Low natural mortality rates exaggerated the impact of fishing mortality.

Table 6.  Predicted measures of snapper protection, expressed on a ‘per-recruit’ basis in Leigh marine reserve.  Three values for fishing mortality rate in adjacent reefs were assessed (F= 1.0 y-1, 2.0 y-1, 3.0 y-1).  F=2.0 y-1 was the standard value used in simulations.

	
	F=1.0 y-1
	F=2.0 y-1
	F=3.0 y-1

	Ratio of D/R

(D/R) / (D/RK)
	5.27

0.36
	10.64

0.26
	19.45

0.21


Table 7. Predicted measures of snapper protection, expressed on a ‘per-recruit’ basis in Leigh marine reserve.  Three values for natural mortality rate in adjacent reefs were assessed: M=0.075 y-1 for t < 20 y and M=0.075 y-1 for t ( 20 y and were the standard values used in simulations.
	
	M=0.05 y-1
	M=0.075 y-1
	M=0.1 y-1

	Ratio of D/R

(D/R) / (D/RK)
	11.85

0.24
	10.32

0.28
	9.06

0.32


The uncertainty in the relative proportion of different movement patterns would appear to have a strong bearing on the model result (Table 8).  If all fish had a small home-range, then the Leigh reserve should be capable of maintaining a density per-recruit of approximately two-thirds the maximum value, whereas the density in exploited areas would be eight times less. On the other hand, the reserve effectiveness diminished abruptly if fish adopted the wider home-range. Between these two extremes, lay several more plausible scenarios, all of which included a migrating component. The comparison of the ratios 2:2:6 and 0:1:0 shows that both result in a similar density ratio, but that effective protection is lower for the 0:1:0 pattern. The size of the migrating component was not as critical as the ratio of fish that hold large and small home-ranges.

The likelihood of fish changing their home-range requirements during the year was not modeled explicitly, but it stands to reason that the outcome of such seasonal variation should lie within the range of values presented.

Table 8.   Predicted measures of protection of snapper expressed on a ‘per-recruit’ basis in Leigh marine reserve, for five combinations of movement patterns: (1) restricted home-range, (2) expanded home-range (3) migration with expanded summer home-range. Three figures are used to denote the relative proportion of each type among recruits. The 2:2:6 combination was standard for simulations.
	Measure of success
	1:0:0
	6:2:2
	3:3:4
	2:2:6
	0:1:0

	Ratio of D/R

(D/R) / (D/RK)
	68.54

0.65
	29.06

0.48
	15.24

0.30
	10.64

0.26
	10.85

0.11


5. Discussion

5.1 Model validation

The predicted ratios of legal sized fish inside and outside of the marine reserves at Leigh and Tawharanui were 10 and 11, values that correspond reasonably closely with observed values at those locations (16.0 [9.3 – 27.795% C.I.]. and 8.8 [4.2 – 18.895% C.I.] respectively).  For total snapper numbers the predicted ratios were 1.6 as opposed to the observed ratios of 2.5 [1.8 – 3.395% C.I.] and 2.1 [1.4 – 3.295% C.I.] (Willis et al. in press).  The predicted values were thus well within the margin of error of BUV estimates of both legal and total snapper abundance at these sites.  Estimates of relative abundance of legal-sized snapper at other marine reserves in northeastern New Zealand are very similar to these values ranging from 16.5 at Hahei (Willis et al. in press) to 10.3 at the Poor Knights Islands (Denny 2002).   Consequently the models of snapper populations presented here appear to be able to reproduce a reasonable approximation of the actual dynamics of snapper populations in reserves and their interactions with the fisheries in adjacent unprotected areas.  

Estimates produced by the model were somewhat sensitive to variation in the value of fishing mortality (F), but not to variation in the rate of natural mortality (M).  This is in part because the potential range of values for F is much greater than for M.  This result also highlights the importance of improving our knowledge of the level of fishing mortality on coastal reefs. In the absence of such knowledge, marine reserves may be virtually the only way of insuring snapper populations against this uncertainty.  The model was also sensitive to variation in the proportions of fish that displayed restricted vs expanded home ranges, as well as the proportion of migratory fish.  Variations in the proportions of fish with these behaviours, or the possibility of home range relocation (e.g. Parsons et al. 2000) could produce a very wide range of relative abundance estimates (Table 8).  

In terms of protecting migratory fish, reserves will either have to be much larger than any examined in this study, or take the form of offshore reserves specifically for this purpose.  If migratory fish do not return to their original home-range, as assumed in this model, the importance of such reserves becomes even more important since coastal reserves will perform more poorly than the model predicts.  

Although the standard values used in the model produce estimates that approximate empirical values with a reasonable degree of accuracy, it is highly desirable to increase our knowledge of this area of snapper behaviour.  Consequently effort should be focused on increasing the level of certainty regarding ratios of fish with restricted vs expanded home ranges and better establishing many of these undergo seasonal migrations.  

5.2  Marine Reserve Size

It is clear from the projections of the model that reserves of the size of Leigh and Tawharanui are not achieving their potential in terms of providing a maximum realistic level of protection snapper populations.  Even doubling their size would provide little improvement on this situation and reserves approximately an order of magnitude larger than the existing marine reserves at Leigh and Tawharanui are probably required in order to approach the maximum level of protection.  Based on the projections of the model, asymptotic values of snapper relative abundance are approached at reserve sizes of approximately 40 km2.  Currently no reserves on the coast of the North or South Islands come close to this size. 

The reason for the large size of reserve required to achieve relatively high levels of protection is that many fish cross the reserve boundaries and are caught.  Even with the largest sized reserves simulated, the density of fish in reserves was only 80% of that which it would be in the total absence of fishing.  This means that regardless of the size of the reserve, at least 20% of fish are going to be caught. The rate of capture of fish crossing reserve boundaries is likely to be substantial, and they may make a significant contribution to the fishery, even in very large reserves.  As can be seen in Figure 4, the curve of relative abundance per recruit for the Leigh Marine Reserve resembles that of a totally exploited population much more closely than it does that of a totally un-fished population.  Therefore significant numbers of fish whose home range core areas are based within the reserve are being caught in the fishery.  

The models suggest that for egg production within reserves the importance of reserve size is even more pronounced, due to changes in population structure as well as abundance.  Reserves can make a substantial improvement to egg-production capacity.  If eggs and larvae are widely dispersed, then it would make sense to have a large reserve to improve spawner biomass.  Opposition from fishers may effectively prevent this, but if egg production is an objective, reserves smaller than 10 km2  should not be contemplated.  
5.3  Interpretation. 

This is a model of survivorship. By excluding recruitment process, the model cannot consider the possibility that extreme local retention of larvae  (i.e. reserve-spawned eggs recruit to reserve) may produce a greater degree of difference across a reserve boundary than differential mortality alone would predict.  Local retention (at least on this scale) is unlikely however and similar reefs in a confined area should receive similar levels of recruitment.  Therefore the differences we measure across reserve boundary are due to mortality differences only and not recruitment differences. This justifies the use of the per-recruit approach.

Habitat preference was not included however this should not affect the validity of the model result, provided the reserve includes the correct habitat.  If habitat-change as a consequence of trophic cascades (e.g. Babcock et al. 1999) influences recruitment of snapper there may be some interaction reserve status, habitat type and recruitment.  Whether this will be positive or negative is not yet clear.  Trophic cascades can promote the establishment of both coralline algal turf, areas of high abundance of snapper recruits, and kelp forests which are not favoured by snapper recruits (Kingett & Choat 1981).  
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0.9395990729

0.9395990729

0.94037547

0.94037547

0.9436345686

0.9472975729

0.9505566714
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0.9523297457
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0.9533264229

0.9533264229

0.9533264229

0.9533264229

0.9533264229

0.9533264229

0.9553520414
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0.9593888486

0.9593888486

0.9593888486

0.9593888486

0.97071986

0.9717165371

0.9965424886

0.9965424886

0.9965424886

0.9965424886

0.9965424886

0.9965424886

0.9965424886

0.9965424886

0.99749487

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671

0.9982712671
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0.9982712671
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1.0000000457
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1.0000000457
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1.0000000457
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1.0000000457
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1.0000000457



mnl

		H		W

		0.291		0.329

		0.243		0.086

		0.203		0.051

		0.079		0.019

		0.111		0.032

		0.027		0.010

		0.007		0.003

		0.012		0.029

		0.006		0.015

		0.004		0.000

		0.004		0.026

		0.001		0.012

		0.001		0.001

		0.002		0.000

		0.001		0.006

		0.001		0.002

		0.000		0.001

		0.000		0.006

		0.000		0.006

		0.001		0.003

		0.001		0.000

		0.000		0.000

		0.000		0.018

		0.000		0.000

		0.000		0.000

		0.001		0.002

		0.000		0.000

		0.000		0.006

		0.000		0.000

		0.000		0.000

		0.000		0.020

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.010

		0.000		0.001

		0.000		0.000

		0.000		0.000

		0.000		0.007

		0.000		0.002

		0.000		0.008

		0.000		0.000

		0.000		0.001

		0.000		0.003

		0.000		0.008

		0.000		0.012

		0.000		0.000

		0.000		0.001

		0.000		0.001

		0.000		0.000

		0.000		0.005

		0.000		0.000

		0.000		0.019

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.001

		0.000		0.002

		0.000		0.000

		0.000		0.014

		0.000		0.011

		0.000		0.001

		0.000		0.001

		0.000		0.001

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.004

		0.000		0.000

		0.000		0.002

		0.000		0.000

		0.000		0.000

		0.000		0.002

		0.000		0.000

		0.000		0.005

		0.000		0.003

		0.000		0.003

		0.000		0.003

		0.000		0.001

		0.000		0.001

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.002

		0.000		0.002

		0.000		0.018

		0.000		0.041

		0.000		0.004

		0.000		0.001

		0.000		0.000

		0.000		0.002

		0.000		0.001

		0.000		0.004

		0.000		0.000

		0.000		0.004

		0.000		0.003

		0.000		0.000

		0.000		0.000

		0.000		0.001

		0.000		0.002

		0.000		0.002

		0.000		0.001

		0.000		0.000

		0.000		0.008

		0.000		0.013

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.018

		0.000		0.000

		0.000		0.001

		0.000		0.000

		0.000		0.003

		0.000		0.004

		0.000		0.003

		0.000		0.000

		0.000		0.001

		0.000		0.001

		0.000		0.000

		0.000		0.001

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.002

		0.000		0.000

		0.000		0.004

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.011

		0.000		0.001

		0.000		0.025

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.001

		0.000		0.001

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.001

		0.000		0.000

		0.000		0.001

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000

		0.000		0.000





High residency

		Highly resident		7685										7686												7687												7688										7689								Average		Cumulative

		Cell radius		F		M		A		M		J		J		F		M		A		M		J		J		F		M		A		M		J		J		F		M		A		J		F		M		A		M

		0.5		0.2868283		0.2993295		0.1487906		0.06744209		0.07873227		0.345905		0.8411968		0.8118985		0.7760867		0.7757546		0.7486738		0.2670765		0.216714		0.1746913		0.1303168		0.06222298		0.0375949		0.3354837		0.5307826		0.09165219		0.0037407		0.0063226		0.5307826		0.0036557		0.003226		0.0035957		0.2914806319		0.2914806319		50

		1		0.2925137		0.3272804		0.2817317		0.314032		0.3419039		0.1242757		0.07098767		0.0945747		0.0878703		0.0878327		0.08928841		0.4123842		0.3667398		0.4137085		0.4318883		0.3437401		0.3089694		0.4535704		0.3613892		0.2344139		0.0508724		0.01904591		0.3613892		0.105756		0.1828994		0.1661586		0.2432775573		0.5347581892		100

		1.41		0.2296015		0.1731035		0.2620462		0.2621178		0.2967077		0.1655676		0.02718744		0.014354		0.03022253		0.0302096		0.08478549		0.217358		0.3097135		0.3166299		0.3504798		0.4193495		0.4050629		0.1538963		0.04842081		0.4831002		0.0557468		0.02812301		0.04842081		0.3935982		0.2994998		0.183247		0.203405765		0.7381639542		141

		2		0.04266173		0.04480282		0.093325		0.1526182		0.05887318		0.08107422		0.02786524		0.0316504		0.05371008		0.0536871		0.0138217		0.0103738		0.00852644		0.0247585		0.010374		0.09456778		0.05842609		0.01441181		0.0055609		0.0205308		0.2430508		0.07881473		0.0055609		0.2282596		0.2636267		0.3231492		0.0786185277		0.8167824819		200

		2.24		0.06742303		0.03185908		0.0689236		0.1236123		0.04297349		0.1724489		0.00932915		0.0110465		0.02031759		0.0203089		0.033921		0.07869171		0.0864906		0.05930441		0.0637395		0.05218378		0.1219369		0.03355801		0.02469041		0.1387933		0.3650709		0.424377		0.02469041		0.2620432		0.2388251		0.3109442		0.1110578065		0.9278402885		224

		2.83		0.00289142		0.00168665		0.0025216		0.0084984		0.0024368		0.01733441		0.00267025		0.0011499		0.00620656		0.0062039		0.0040376		0.0024316		0.00214855		0.0023125		0.002526		0.0035602		0.0368823		0.0034812		0.02276351		0.0270478		0.2173337		0.3098197		0.02276351		0.0008335		0.0022363		0.0027539		0.0274819908		0.9553222792		283

		3		0.01522042		0.02837333		0.0164012		0.0121969		0.0080744		0.02651011		0.0099887		0.0213349		0.00703711		0.0070341		0.0050417		0.0014606		0.00135185		0.0013158		0.0018362		0.0045759		0.0015594		0.0005898		0.0004374		0.0004844		0.0159103		0.0040791		0.0004374		0.0004222		0.0013929		0.0009451		0.00746197		0.9627842492		300

		3.16		0.01357252		0.01398239		0.0302304		0.012049		0.07760109		0.02076181		0.00587695		0.0088984		0.00923915		0.0092352		0.0060199		0.0029117		0.0034895		0.0023333		0.0033796		0.0064534		0.0166101		0.0015867		0.000567		0.0004695		0.00958		0.05064552		0.000567		0.0015156		0.0032528		0.0023914		0.0120469204		0.9748311696		316

		3.61		0.00371112		0.00206955		0.0020715		0.0025563		0.03198899		0.012495		0.0005485		0.0014328		0.0009384		0.000938		0.0028662		0.0018199		0.00144545		0.000946		0.001178		0.0020218		0.0029573		0.0009761		0.002665		0.0019171		0.0227323		0.05882092		0.002665		0.0019203		0.0010611		0.0020602		0.0064154935		0.9812466631		361

		4		0.01129452		0.02634658		0.0273814		0.0125232		0.0121753		0.0044603		0.0015251		0.0015546		0.00470271		0.0047007		0.002838		0.0004474		0.0002124		0.0004438		0.0006996		0.0018717		0.0005395		0.0001073		0.0002707		0.0001451		0.0000496		0.0000047		0.0002707		0.0000937		0.0005037		0.0001189		0.0044338927		0.9856805558		400

		4.12		0.00967745		0.00963379		0.0214634		0.0117524		0.007779		0.009739		0.00039155		0.0008696		0.00248226		0.0024812		0.0018317		0.0009818		0.0006424		0.000605		0.0006182		0.0017391		0.0012701		0.0004427		0.0001766		0.0001353		0.001817		0.0075912		0.0001766		0.0000479		0.0004134		0.0002719		0.0036550212		0.9893355769		412

		4.24		0.00035405		0.0002331		0.0003785		0.0004251		0.0042617		0.0020381		0.0003112		0.0003216		0.00054823		0.000548		0.0011404		0.0001682		0.0001852		0.0004151		0.0001269		0.0003627		0.0005966		0.0000685		0.0003165		0.0003487		0.0026143		0.0013053		0.0003165		0.0005519		0.0000466		0.0006475		0.0007165569		0.9900521338		424

		4.47		0.00075827		0.00038725		0.0009642		0.0007924		0.0093848		0.0070679		0.00032555		0.0002801		0		0		0.0009265		0.0006313		0.00044		0.0003514		0.0006347		0.0010374		0.001321		0.000471		0.0004265		0.0002892		0.0016647		0.0015128		0.0004265		0.0001683		0.0001256		0.0004923		0.0011876796		0.9912398135		447

		5		0.00588135		0.00992124		0.0108682		0.0037013		0.007242		0.0020347		0.00049245		0.000215		0.00020489		0.0002048		0.0015409		0.0001084		0.00005025		0.0002586		0.0003687		0.0008602		0.0003321		0.0000039		0.0001898		0.0000317		0.0000019		0		0.0001898		0		0.0009519		0.0000449		0.0017576531		0.9929974665		500

		5		0.00031107		0.0003207		0.0004323		0.0004868		0.002519		0.0016496		0.0002279		0		0.00002391		0.0000239		0.0007164		0.0001919		0.0002329		0.0003015		0.0000617		0.0005389		0.0004707		0.0000699		0.000186		0.0002082		0.0028508		0.0028518		0.000186		0.001051		0.0000239		0.0007233		0.0006407723		0.9936382388		500

		5.1		0.00372477		0.00497195		0.0083307		0.0049283		0.0017286		0.0012886		0.00002195		0		0.00040958		0.0008373		0.0010678		0.002049		0.0002323		0.0003034		0.0004121		0.0007406		0.0003714		0.0002854		0.0000515		0.0000159		0.0005746		0		0.0000515		0.0000085		0.0001766		0.0002698		0.0012635442		0.9949017831		510

		5.39		0.00006972		0.0001027		0.0003079		0.0003149		0.0014479		0.0002959		0.0001655		0.0002093		0		0		0.0001184		0.0000573		0.00022025		0.0001419		0.000479		0.0002855		0.0006651		0.0001054		0.0000582		0.0001074		0.0001652		0.0004859		0.0000582		0		0.0001224		0.0001068		0.0002342604		0.9951360435		539

		5.66		0.00012895		0.00005145		0.0001006		0.0001425		0.0011984		0.0003428		0		0		0		0		0.0002176		0.0001071		0.00007935		0.0001376		0.000055		0.0001133		0.0004634		0.0000294		0.0001584		0		0.0003304		0.0004334		0.0001584		0.0000745		0.0000128		0.0003452		0.0001800212		0.9953160646		566

		5.83		0.00018747		0.0002004		0.0001533		0.0002948		0.0010942		0.0006743		0.00008135		0.000023		0		0		0.0001795		0.0001281		0.0000337		0.0000351		0.0000296		0.0003714		0.0003389		0.0000277		0.0001004		0.0000817		0.0013069		0.000693		0.0001004		0		0.0000561		0.0003968		0.0002533892		0.9955694538		583

		6		0.00215127		0.00525005		0.0048066		0.0019477		0.0034051		0.0001498		0.00002315		0		0		0		0		0.0000523		0.00000775		0.0001142		0.0001336		0.0005457		0.0002664		0		0.0000341		0		0		0		0.0000341		0		0.0004125		0.0001306		0.0007486508		0.9963181046		600

		6.08		0.00221907		0.00420365		0.0052653		0.0024406		0.0011632		0.0010154		0		0		0		0		0.0004778		0.0002041		0.0000653		0.0001036		0.0001595		0.0004198		0.0000693		0.0002437		0		0		0.0004312		0		0		0		0.0003889		0.0001141		0.0007301738		0.9970482785		608

		6.32		0.00004172		0.00001175		0.0001925		0.000139		0.0000448		0.0000725		0.00016045		0		0		0		0		0.0000604		0.00012885		0.0001326		0.0001185		0.0002713		0.0001536		0.0000183		0		0.0000005		0.0001153		0.0000535		0		0		0.0000425		0.0001183		0.0000721681		0.9971204465		632

		6.4		0.00029722		0.00010815		0.0001709		0.0001363		0.0003182		0.000216		0		0		0		0		0.0004892		0.0000065		0.00018915		0.0002942		0.0000163		0.0003957		0.0010385		0.0000207		0.0000917		0.000068		0.0018882		0.0023149		0.0000917		0		0.0000221		0.0002091		0.0003224123		0.9974428588		640

		6.71		0.0000041		0.00002595		0.0000448		0.0001908		0.000573		0.0004065		0.000062		0.0001867		0		0		0		0.0000317		0.000038		0		0.0000253		0.0000647		0.0003178		0		0.0001591		0.0000673		0.0000571		0.0001453		0.0001591		0		0.0000824		0.0001093		0.0001058058		0.9975486646		671

		7		0.00092047		0.0029389		0.0017273		0.0008633		0.0005299		0		0		0		0		0		0		0		0		0.000027		0.0000803		0.0002071		0.0001527		0		0		0		0		0		0		0		0.0000616		0.0000644		0.0002912681		0.9978399327		700

		7.07		0.00222765		0.0045017		0.0039139		0.0011001		0.0021261		0.0000026		0		0		0		0		0		0.0001124		0.0000602		0.0000484		0		0.0000683		0.0002006		0.0000503		0.0000643		0		0.0000573		0.0000566		0.0000643		0		0		0.0000644		0.0005661212		0.9984060538		707

		7.07		0.00006112		0.00002795		0.0000457		0.0001004		0.0000015		0.0004598		0		0		0		0		0		0.0000529		0.00000725		0		0.0000698		0.0001956		0		0.0002437		0		0		0.0003368		0		0		0		0.0002201		0.0000189		0.0000708277		0.9984768815		707

		7.21		0.0000312		0.00010205		0.0001697		0.000064		0.0003246		0.0002152		0.00000105		0		0		0		0		0		0.0000526		0.0000573		0		0.0001537		0.0001271		0		0		0.00008		0.0005267		0.0003901		0		0		0.0000271		0.0000911		0.0000928269		0.9985697085		721

		7.28		0.00006512		0.00001435		0.0002844		0.0001014		0		0.0001611		0.00016045		0		0		0		0		0		0.00001855		0.0001518		0.0000348		0.0001527		0.0000184		0		0		0		0		0		0		0		0		0.000004		0.0000448873		0.9986145958		728

		7.62		0		0		0.0000533		0.0000211		0.0001303		0.0000411		0		0		0		0		0		0.0000271		0.00009305		0		0.0000146		0.0000386		0.0001101		0		0.000107		0.0000119		0.0000006		0		0.000107		0		0.0000195		0.000022		0.0000306635		0.9986452592		762

		7.81		0.00009285		0.00002265		0.0000261		0.0000334		0.0000787		0.0000943		0		0		0		0		0		0.0000266		0.0000672		0.0000771		0		0.0001498		0.0003161		0.0000386		0.0001167		0		0.0003627		0.0003824		0.0001167		0		0.000024		0.0000557		0.0000800615		0.9987253208		781

		8		0.00025187		0.0010871		0.0003674		0.0006852		0.0002193		0		0		0		0		0		0		0		0		0		0.0000471		0.0001003		0.0000143		0		0		0		0		0		0		0		0.0000885		0		0.0001100412		0.9988353619		800

		8.06		0.00240767		0.0032489		0.0021737		0.0005492		0.001166		0.0004356		0.00001035		0		0		0		0		0		0		0		0		0.0000578		0.0001119		0		0		0		0		0		0		0		0.0000581		0		0.0003930469		0.9992284088		806

		8.06		0		0.000024		0.0000372		0.0000479		0.0001176		0.0001964		0		0		0		0		0		0		0		0		0.0000517		0.000103		0		0.0001724		0		0		0.0001231		0		0		0		0.0000353		0		0.0000349462		0.999263355		806

		8.25		0.00007317		0.0001899		0.0004975		0.0001111		0		0.0002406		0.00001735		0		0		0		0		0		0		0		0		0.0000246		0		0		0		0		0		0		0		0		0		0		0.0000443931		0.9993077481		825

		8.49		0.0000039		0		0		0		0		0		0		0		0		0		0		0.0000355		0.0000559		0		0		0.00006		0.0000462		0.0000114		0.0000395		0		0.0000481		0.0000484		0.0000395		0		0		0.0000511		0.0000169038		0.9993246519		849

		8.54		0.00000007		0		0.0000719		0		0		0		0.0001432		0		0		0		0		0.0000058		0.00005235		0		0.0000051		0		0.0000069		0		0		0		0.0000005		0		0		0		0		0		0.0000109931		0.999335645		854

		8.6		0.00006672		0.0000006		0.0001378		0.0000237		0.0001176		0		0		0		0		0		0		0		0.000045		0		0		0.0000724		0.0000351		0		0		0		0		0.0001504		0		0		0.00002		0.0000996		0.0000295738		0.9993652188		860

		8.94		0		0		0		0.0000022		0		0		0		0		0		0		0		0.0000061		0		0		0.0000002		0		0.0000043		0		0		0		0		0		0		0		0		0		0.0000004923		0.9993657112		894

		9		0.00006357		0.0004202		0.0007892		0.000382		0.0003189		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.0000759181		0.9994416292		900

		9.06		0.0010733		0.0020024		0.0012822		0.0002257		0.0005101		0		0		0		0		0		0		0		0		0		0.0000394		0.000052		0		0		0		0		0		0		0		0		0.0000161		0		0.0002000462		0.9996416754		906

		9.22		0.0005208		0.00043205		0.0005667		0.0000148		0		0.0000563		0		0		0		0		0		0		0		0		0		0.0000087		0		0		0		0		0		0		0		0		0		0		0.0000615135		0.9997031888		922

		9.22		0.00001505		0		0.0000284		0		0		0		0		0		0		0		0		0		0.00003265		0		0		0.0000986		0.0002563		0.0000357		0.0001418		0		0.0003725		0.0004783		0.0001418		0		0.0000281		0.0000731		0.0000654731		0.9997686619		922

		9.43		0.00001287		0		0.000021		0.0000331		0.0001727		0		0		0		0		0		0		0		0		0		0		0.0000298		0.0001076		0		0		0		0		0		0		0		0		0		0.0000145027		0.9997831646		943

		9.49		0.00000007		0		0.0000411		0		0		0.0000152		0.00016045		0		0		0		0		0		0.0000239		0		0		0		0		0		0		0		0		0		0		0		0		0		0.0000092585		0.9997924231		949

		9.85		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.9997924231		985

		9.9		0		0		0		0		0		0		0		0		0		0		0		0		0.00005805		0		0		0.0000533		0		0		0.0000144		0		0.0000384		0.0000401		0.0000144		0		0		0.0000254		0.0000093865		0.9998018096		990

		10		0		0.00013925		0.0000105		0.0001122		0.0001658		0		0		0		0		0		0		0		0		0		0		0		0.000072		0		0		0		0		0.0000607		0		0		0		0.0000808		0.0000246635		0.9998264731		1000

		10		0.00003425		0		0.0001436		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.0000068404		0.9998333135		1000

		10.05		0.00016317		0.00038885		0.0002675		0.0000923		0.0000649		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.0000375662		0.9998708796		1005

		10.2		0.00037482		0.000203		0.0001382		0.0000383		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.0000290123		0.9998998919		1020

		10.3		0.00000025		0		0		0.0000234		0.0000067		0		0		0		0		0		0		0		0		0		0		0		0.0000669		0		0		0		0		0		0		0		0		0		0.0000037404		0.9999036323		1030

		10.44		0		0		0.0000043		0		0		0.0000717		0.00006805		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.0000055404		0.9999091727		1044

		10.63		0.00001262		0		0.000028		0		0		0		0		0		0		0		0		0		0.00000585		0		0		0.0000358		0.000028		0		0.00002		0		0.0002283		0.0005354		0.00002		0		0		0.0000054		0.0000353604		0.9999445331		1063

		10.77		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.9999445331		1077

		10.82		0.00000012		0		0.0000128		0.0000119		0.0001651		0		0		0		0		0		0		0		0		0		0		0		0.0000246		0		0		0		0		0		0		0		0		0		0.0000082508		0.9999527838		1082

		11.18		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.9999527838		1118

		11.31		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.9999527838		1131

		11.4		0.00000015		0		0.0001346		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.0000051827		0.9999579665		1140

		11.66		0.00000025		0		0		0.0000243		0.0000679		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.0000035558		0.9999615223		1166

		12.04		0.00000167		0		0.0000055		0		0		0		0		0		0		0		0		0		0.00004945		0		0		0.0000303		0		0		0		0		0		0.0000502		0		0		0		0		0.0000052738		0.9999667962		1204

		12.21		0		0		0.0000048		0		0.000089		0.0000717		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.0000063654		0.9999731615		1221

		12.73		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.0000872		0		0		0		0		0		0		0		0		0		0.0000033538		0.9999765154		1273

		12.81		0		0		0.0001132		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.0000043538		0.9999808692		1281

		13.45		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0.9999808692		1345
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														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

														0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		1.0000044597

				0.99999951		0.99999978		0.9999999		1.00000009		0.99999972		0.99999985		0.99999975		1		1		1		1		0.99999991		0.99999949		0.99999981		0.9999999		1.00000004		0.99999999		1.00000002		1.00000003		1.00000009		1.0000001		0.99999999		1.00000003		1.0000001		0.9999999		1		1.0000044597





Notsohigh residency

		Wide ranging		Fish 1				Fish 4		Fish 6		Fish 7						Average		Cumulative

		Cell radius		Nov		Dec		Dec		Jan		Dec		Jan		Feb

		0.5		0.3186046		0.2695145		0.338403		0.4252875		0.1793478		0.4866667		0.2820513		0.3285536286		0.3285536286		50

		1		0.2290698		0.1844147		0.06844106		0.01532567		0.09782609		0.00666667		0		0.0859634271		0.4145170557		100

		1.41		0.1104651		0.07801013		0.09125475		0.01532567		0.01630435		0.00666667		0.03846154		0.0509268871		0.4654439429		141

		2		0.06976745		0.02128091		0		0		0.04347826		0		0		0.0192180886		0.4846620314		200

		2.24		0.05581396		0.0425499		0.04562737		0.03065135		0.04891304		0		0		0.0319365171		0.5165985486		224

		2.83		0		0		0		0.05363986		0		0.01333333		0		0.0095675986		0.5261661471		283

		3		0.01395349		0.00708966		0		0		0		0		0		0.0030061643		0.5291723114		300

		3.16		0.01395349		0.00708966		0.02281369		0		0.1576087		0		0		0.0287807914		0.5579531029		316

		3.61		0		0.00708966		0.04562737		0.02298851		0.01086957		0.00666667		0.01282051		0.0151517557		0.5731048586		361

		4		0		0		0		0		0		0		0		0		0.5731048586		400

		4.12		0		0		0		0		0.1793478		0		0		0.0256211143		0.5987259729		412

		4.24		0		0		0		0.04597702		0		0		0.03846154		0.0120626514		0.6107886243		424

		4.47		0.00697674		0		0		0		0		0		0		0.0009966771		0.6117853014		447

		5		0		0		0		0		0		0		0		0		0.6117853014		500

		5		0		0		0.02281369		0.00766284		0.01086957		0		0		0.0059065857		0.6176918871		500

		5.1		0		0		0		0		0.01630435		0		0		0.0023291929		0.62002108		510

		5.39		0		0.00708966		0		0		0		0		0		0.0010128086		0.6210338886		539

		5.66		0		0		0		0.02298851		0		0.00666667		0.01282051		0.0060679557		0.6271018443		566

		5.83		0.00697674		0.00708966		0		0		0		0.01333333		0.01282051		0.0057457486		0.6328475929		583

		6		0		0		0.02281369		0		0		0		0		0.0032590986		0.6361066914		600

		6.08		0		0		0		0		0		0		0		0		0.6361066914		608

		6.32		0		0		0		0		0		0		0		0		0.6361066914		632

		6.4		0		0		0		0.07662837		0		0.01333333		0.03846154		0.0183461771		0.6544528686		640

		6.71		0		0		0		0		0		0		0		0		0.6544528686		671

		7		0		0		0		0		0		0		0		0		0.6544528686		700

		7.07		0		0		0		0.00766284		0		0.00666667		0		0.0020470729		0.6564999414		707

		7.07		0		0		0		0		0		0		0		0		0.6564999414		707

		7.21		0		0		0		0.02298851		0		0.00666667		0.01282051		0.0060679557		0.6625678971		721

		7.28		0		0		0		0		0		0		0		0		0.6625678971		728

		7.62		0		0		0		0		0		0		0		0		0.6625678971		762

		7.81		0		0		0		0.06896553		0		0.00666667		0.06410257		0.01996211		0.6825300071		781

		8		0		0		0		0		0		0		0		0		0.6825300071		800

		8.06		0		0		0		0		0		0		0		0		0.6825300071		806

		8.06		0		0		0		0		0		0		0		0		0.6825300071		806

		8.25		0		0		0		0		0		0		0		0		0.6825300071		825

		8.49		0		0		0		0		0		0		0		0		0.6825300071		849

		8.54		0		0		0		0		0		0		0		0		0.6825300071		854

		8.6		0		0		0		0.01532567		0		0.00666667		0.05128205		0.01046777		0.6929977771		860

		8.94		0		0		0		0		0.00543478		0		0		0.0007763971		0.6937741743		894

		9		0		0		0		0		0		0		0		0		0.6937741743		900

		9.06		0		0		0		0		0		0		0		0		0.6937741743		906

		9.22		0		0		0		0		0		0.02		0.02564103		0.0065201471		0.7002943214		922

		9.22		0		0		0		0.01532567		0		0		0		0.0021893814		0.7024837029		922

		9.43		0		0		0		0.00766284		0.01086957		0.01333333		0.02564103		0.0082152529		0.7106989557		943

		9.49		0		0		0		0		0		0		0		0		0.7106989557		949

		9.85		0		0		0		0		0.00543478		0		0		0.0007763971		0.7114753529		985

		9.9		0		0		0.02281369		0		0		0		0		0.0032590986		0.7147344514		990

		10		0		0		0.02281369		0.03065135		0		0		0		0.0076378629		0.7223723143		1000

		10		0		0		0		0		0.00543478		0.05333333		0.02564103		0.0120584486		0.7344307629		1000

		10.05		0		0		0		0		0		0		0		0		0.7344307629		1005

		10.2		0		0		0		0		0.00543478		0		0		0.0007763971		0.73520716		1020

		10.3		0		0		0		0		0.00543478		0		0		0.0007763971		0.7359835571		1030

		10.44		0		0		0		0		0		0		0		0		0.7359835571		1044

		10.63		0.00697674		0		0		0		0.00543478		0.00666667		0.01282051		0.0045569571		0.7405405143		1063

		10.77		0		0		0		0		0		0		0		0		0.7405405143		1077

		10.82		0		0		0.02281369		0.01532567		0.00543478		0.02666667		0.06410257		0.0191919114		0.7597324257		1082

		11		0		0		0		0		0		0		0		0		0.7597324257		1100

		11.05		0		0		0		0		0		0		0		0		0.7597324257		1105

		11.18		0		0		0		0		0		0		0		0		0.7597324257		1118

		11.18		0		0		0		0.00766284		0		0		0		0.0010946914		0.7608271171		1118

		11.31		0		0		0		0		0.00543478		0.00666667		0		0.0017287786		0.7625558957		1131

		11.4		0		0		0		0		0		0		0		0		0.7625558957		1140

		11.4		0		0		0.02281369		0.02298851		0		0.01333333		0.03846154		0.0139424386		0.7764983343		1140

		11.66		0		0.00708966		0		0		0		0.02		0.05128205		0.0111959586		0.7876942929		1166

		11.7		0		0		0		0		0		0.00666667		0		0.0009523814		0.7886466743		1170

		12		0		0		0		0		0.00543478		0		0		0.0007763971		0.7894230714		1200

		12.04		0		0		0		0		0		0.00666667		0		0.0009523814		0.7903754529		1204

		12.04		0		0		0		0		0		0		0		0		0.7903754529		1204

		12.08		0		0		0		0		0		0		0		0		0.7903754529		1208

		12.17		0		0		0		0		0		0		0		0		0.7903754529		1217

		12.21		0		0		0		0.00766284		0		0.00666667		0.01282051		0.0038785743		0.7942540271		1221

		12.37		0		0		0		0		0		0		0		0		0.7942540271		1237

		12.53		0		0		0		0.00766284		0.00543478		0		0		0.0018710886		0.7961251157		1253

		12.65		0		0		0		0		0		0		0		0		0.7961251157		1265

		12.73		0		0		0		0		0		0		0		0		0.7961251157		1273

		12.81		0.00697674		0		0		0		0		0.00666667		0		0.0019490586		0.7980741743		1281

		13		0		0		0		0		0		0		0		0		0.7980741743		1300

		13		0		0.00708966		0.02281369		0.00766284		0		0		0		0.0053665986		0.8034407729		1300

		13.04		0		0		0		0.00766284		0		0		0.01282051		0.0029261929		0.8063669657		1304

		13.04		0		0		0		0		0		0.00666667		0.01282051		0.0027838829		0.8091508486		1304

		13.15		0		0		0		0		0.00543478		0		0.01282051		0.0026078986		0.8117587471		1315

		13.34		0		0		0		0		0.00543478		0		0		0.0007763971		0.8125351443		1334

		13.42		0		0		0		0		0		0.00666667		0		0.0009523814		0.8134875257		1342

		13.45		0		0		0		0		0		0		0		0		0.8134875257		1345

		13.6		0		0		0		0		0		0		0		0		0.8134875257		1360

		13.6		0		0		0		0		0		0		0		0		0.8134875257		1360

		13.89		0		0		0		0		0		0.01333333		0		0.0019047614		0.8153922871		1389

		13.93		0		0.01417933		0		0		0		0		0		0.0020256186		0.8174179057		1393

		14		0.00697674		0.04965147		0.04562737		0		0		0.01333333		0.01282051		0.0183442029		0.8357621086		1400

		14.04		0.00697674		0.0638308		0		0.02298851		0		0.14		0.05128205		0.0407254429		0.8764875514		1404

		14.14		0		0.01417933		0		0		0		0.01333333		0		0.00393038		0.8804179314		1414

		14.14		0		0		0		0		0		0.00666667		0		0.0009523814		0.8813703129		1414

		14.21		0		0		0		0		0		0		0		0		0.8813703129		1421

		14.32		0.00697674		0		0		0.00766284		0		0		0		0.0020913686		0.8834616814		1432

		14.32		0		0		0		0		0		0.00666667		0		0.0009523814		0.8844140629		1432

		14.42		0		0		0		0		0		0		0.02564103		0.0036630043		0.8880770671		1442

		14.56		0		0		0		0		0		0		0		0		0.8880770671		1456

		14.76		0		0		0		0		0		0		0.02564103		0.0036630043		0.8917400714		1476

		14.87		0		0		0.02281369		0		0		0		0		0.0032590986		0.89499917		1487

		14.87		0		0		0		0		0		0		0		0		0.89499917		1487

		15		0		0		0		0		0		0		0		0		0.89499917		1500

		15		0		0		0		0.00766284		0		0		0		0.0010946914		0.8960938614		1500

		15.03		0		0		0		0		0.00543478		0.00666667		0		0.0017287786		0.89782264		1503

		15.13		0		0		0		0		0.01086957		0		0		0.0015527957		0.8993754357		1513

		15.23		0.00697674		0		0		0		0		0		0		0.0009966771		0.9003721129		1523

		15.26		0		0		0		0		0		0		0		0		0.9003721129		1526

		15.3		0.02093023		0.02128091		0		0		0.01630435		0		0		0.0083593557		0.9087314686		1530

		15.52		0.00697674		0.0425499		0.02281369		0		0.01086957		0.00666667		0		0.01283951		0.9215709786		1552

		15.56		0		0		0		0		0		0		0		0		0.9215709786		1556

		15.62		0		0		0		0		0		0		0		0		0.9215709786		1562

		15.65		0		0		0		0		0		0		0		0		0.9215709786		1565

		15.81		0		0.02837057		0		0		0.09782609		0		0		0.0180280943		0.9395990729		1581

		15.81		0		0		0		0		0		0		0		0		0.9395990729		1581

		16		0		0		0		0		0.00543478		0		0		0.0007763971		0.94037547		1600

		16.03		0		0		0		0		0		0		0		0		0.94037547		1603

		16.12		0		0		0.02281369		0		0		0		0		0.0032590986		0.9436345686		1612

		16.12		0		0		0		0		0		0		0.02564103		0.0036630043		0.9472975729		1612

		16.16		0		0		0.02281369		0		0		0		0		0.0032590986		0.9505566714		1616

		16.28		0		0		0		0		0		0		0		0		0.9505566714		1628

		16.28		0		0		0		0		0.00543478		0		0		0.0007763971		0.9513330686		1628

		16.4		0.00697674		0		0		0		0		0		0		0.0009966771		0.9523297457		1640

		16.49		0		0		0		0		0		0		0		0		0.9523297457		1649

		16.55		0.00697674		0		0		0		0		0		0		0.0009966771		0.9533264229		1655

		16.64		0		0		0		0		0		0		0		0		0.9533264229		1664

		16.76		0		0		0		0		0		0		0		0		0.9533264229		1676

		16.97		0		0		0		0		0		0		0		0		0.9533264229		1697

		17		0		0		0		0		0		0		0		0		0.9533264229		1700

		17		0		0		0		0		0		0		0		0		0.9533264229		1700

		17.03		0		0.01417933		0		0		0		0		0		0.0020256186		0.9553520414		1703

		17.03		0		0		0		0		0		0		0		0		0.9553520414		1703

		17.09		0.00697674		0.02128091		0		0		0		0		0		0.0040368071		0.9593888486		1709

		17.12		0		0		0		0		0		0		0		0		0.9593888486		1712

		17.2		0		0		0		0		0		0		0		0		0.9593888486		1720

		17.26		0		0		0		0		0		0		0		0		0.9593888486		1726

		17.46		0.01395349		0.0425499		0.02281369		0		0		0		0		0.0113310114		0.97071986		1746

		17.46		0.00697674		0		0		0		0		0		0		0.0009966771		0.9717165371		1746

		17.49		0.0627907		0.0425499		0.06844106		0		0		0		0		0.0248259514		0.9965424886		1749

		17.69		0		0		0		0		0		0		0		0		0.9965424886		1769

		17.72		0		0		0		0		0		0		0		0		0.9965424886		1772

		17.8		0		0		0		0		0		0		0		0		0.9965424886		1780

		17.89		0		0		0		0		0		0		0		0		0.9965424886		1789

		18		0		0		0		0		0		0		0		0		0.9965424886		1800

		18.03		0		0		0		0		0		0		0		0		0.9965424886		1803

		18.03		0		0		0		0		0		0		0		0		0.9965424886		1803

		18.03		0		0		0		0		0		0.00666667		0		0.0009523814		0.99749487		1803

		18.11		0		0		0		0		0.00543478		0		0		0.0007763971		0.9982712671		1811

		18.25		0		0		0		0		0		0		0		0		0.9982712671		1825

		18.36		0		0		0		0		0		0		0		0		0.9982712671		1836

		18.38		0		0		0		0		0		0		0		0		0.9982712671		1838

		18.38		0		0		0		0		0		0		0		0		0.9982712671		1838

		18.44		0		0		0		0		0		0		0		0		0.9982712671		1844

		18.44		0		0		0		0		0		0		0		0		0.9982712671		1844

		18.6		0		0		0		0		0		0		0		0		0.9982712671		1860

		18.68		0		0		0		0		0		0		0		0		0.9982712671		1868

		18.79		0		0		0		0		0		0		0		0		0.9982712671		1879

		18.87		0		0		0		0		0		0		0		0		0.9982712671		1887

		18.97		0		0		0		0		0		0		0		0		0.9982712671		1897

		19		0		0		0		0		0		0		0		0		0.9982712671		1900

		19.03		0		0		0		0		0		0		0		0		0.9982712671		1903

		19.1		0		0		0		0		0		0		0		0		0.9982712671		1910

		19.1		0		0		0		0		0		0		0		0		0.9982712671		1910

		19.21		0		0		0		0		0		0		0		0		0.9982712671		1921

		19.24		0		0		0		0		0		0		0		0		0.9982712671		1924

		19.24		0		0		0		0		0		0		0		0		0.9982712671		1924

		19.31		0		0		0		0		0		0		0		0		0.9982712671		1931

		19.42		0		0		0		0		0		0		0		0		0.9982712671		1942

		19.42		0		0		0		0		0.00543478		0		0		0.0007763971		0.9990476643		1942

		19.65		0		0		0		0		0		0		0		0		0.9990476643		1965

		19.7		0		0		0		0		0		0.00666667		0		0.0009523814		1.0000000457		1970

		19.72		0		0		0		0		0		0		0		0		1.0000000457		1972

		19.8		0		0		0		0		0		0		0		0		1.0000000457		1980

		19.85		0		0		0		0		0		0		0		0		1.0000000457		1985

		19.92		0		0		0		0		0		0		0		0		1.0000000457		1992

		20		0		0		0		0		0		0		0		0		1.0000000457		2000

		20		0		0		0		0		0		0		0		0		1.0000000457		2000

		20.02		0		0		0		0		0		0		0		0		1.0000000457		2002

		20.1		0		0		0		0		0		0		0		0		1.0000000457		2010

		20.12		0		0		0		0		0		0		0		0		1.0000000457		2012

		20.22		0		0		0		0		0		0		0		0		1.0000000457		2022

		20.25		0		0		0		0		0		0		0		0		1.0000000457		2025

		20.25		0		0		0		0		0		0		0		0		1.0000000457		2025

		20.4		0		0		0		0		0		0		0		0		1.0000000457		2040

		20.52		0		0		0		0		0		0		0		0		1.0000000457		2052

		20.59		0		0		0		0		0		0		0		0		1.0000000457		2059

		20.62		0		0		0		0		0		0		0		0		1.0000000457		2062

		20.62		0		0		0		0		0		0		0		0		1.0000000457		2062

		20.62		0		0		0		0		0		0		0		0		1.0000000457		2062

		20.81		0		0		0		0		0		0		0		0		1.0000000457		2081

		20.88		0		0		0		0		0		0		0		0		1.0000000457		2088

		21.02		0		0		0		0		0		0		0		0		1.0000000457		2102

		21.1		0		0		0		0		0		0		0		0		1.0000000457		2110

		21.19		0		0		0		0		0		0		0		0		1.0000000457		2119

		21.21		0		0		0		0		0		0		0		0		1.0000000457		2121

		21.26		0		0		0		0		0		0		0		0		1.0000000457		2126

		21.4		0		0		0		0		0		0		0		0		1.0000000457		2140

		21.47		0		0		0		0		0		0		0		0		1.0000000457		2147

		21.54		0		0		0		0		0		0		0		0		1.0000000457		2154

		21.63		0		0		0		0		0		0		0		0		1.0000000457		2163

		21.93		0		0		0		0		0		0		0		0		1.0000000457		2193

		21.93		0		0		0		0		0		0		0		0		1.0000000457		2193

		21.95		0		0		0		0		0		0		0		0		1.0000000457		2195

		22.02		0		0		0		0		0		0		0		0		1.0000000457		2202

		22.2		0		0		0		0		0		0		0		0		1.0000000457		2220

		22.36		0		0		0		0		0		0		0		0		1.0000000457		2236

		22.47		0		0		0		0		0		0		0		0		1.0000000457		2247

		22.63		0		0		0		0		0		0		0		0		1.0000000457		2263

		22.67		0		0		0		0		0		0		0		0		1.0000000457		2267

		22.8		0		0		0		0		0		0		0		0		1.0000000457		2280

		22.83		0		0		0		0		0		0		0		0		1.0000000457		2283

		23.02		0		0		0		0		0		0		0		0		1.0000000457		2302

		23.32		0		0		0		0		0		0		0		0		1.0000000457		2332

		23.35		0		0		0		0		0		0		0		0		1.0000000457		2335

		23.43		0		0		0		0		0		0		0		0		1.0000000457		2343

		23.6		0		0		0		0		0		0		0		0		1.0000000457		2360

		23.85		0		0		0		0		0		0		0		0		1.0000000457		2385

		24.04		0		0		0		0		0		0		0		0		1.0000000457		2404

		24.08		0		0		0		0		0		0		0		0		1.0000000457		2408

		24.21		0		0		0		0		0		0		0		0		1.0000000457		2421

		24.41		0		0		0		0		0		0		0		0		1.0000000457		2441

		24.76		0		0		0		0		0		0		0		0		1.0000000457		2476

		24.84		0		0		0		0		0		0		0		0		1.0000000457		2484

		25		0		0		0		0		0		0		0		0		1.0000000457		2500

		25.46		0		0		0		0		0		0		0		0		1.0000000457		2546

		25.5		0		0		0		0		0		0		0		0		1.0000000457		2550

		25.61		0		0		0		0		0		0		0		0		1.0000000457		2561

		26.17		0		0		0		0		0		0		0		0		1.0000000457		2617

		26.25		0		0		0		0		0		0		0		0		1.0000000457		2625

		26.87		0		0		0		0		0		0		0		0		1.0000000457		2687

		26.91		0		0		0		0		0		0		0		0		1.0000000457		2691

		27.59		0		0		0		0		0		0		0		0		1.0000000457		2759

		28.28		0		0		0		0		0		0		0		0		1.0000000457		2828
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snapperdist

		Age		Reserve		Exploited		Reserve		Exploited		F=0

		2		12842		33509		1		1		1

		3		11957		31167		0.9310855007		0.9301083291		0.9277434863

		4		11054		28915		0.8607693506		0.8629025038		0.8607079764

		5		10287		26795		0.8010434512		0.7996359187		0.7985162188

		6		7187		6443		0.5596480299		0.1922767018		0.7408182207

		7		5223		1776		0.4067123501		0.0530006864		0.6872892788

		8		3888		533		0.30275658		0.0159061745		0.6376281516

		9		2963		169		0.230727301		0.0050434212		0.5915553644

		10		2313		46		0.1801121321		0.0013727655		0.5488116361

		11		1863		16		0.1450708612		0.0004774837		0.5091564206

		12		1484		1		0.1155583242		0.0000298427		0.4723665527

		13		1242		1		0.0967139075		0.0000298427		0.4382349925

		14		1045		0		0.0813736178		0		0.4065696597

		15		887		0		0.0690702383		0		0.3771923536

		16		764		0		0.0594922909		0		0.3499377491

		17		678		0		0.0527955147		0		0.3246524674

		18		589		0		0.04586513		0		0.3088189797

		19		538		0		0.041893786		0		0.2937577003

		20		475		0		0.0369880081		0		0.2794309682

		21		430		0		0.033483881		0		0.2658029591

		22		403		0		0.0313814048		0		0.2528395958

		23		376		0		0.0292789285		0		0.2405084632

		24		350		0		0.0272543218		0		0.228778727

		25		328		0		0.025541193		0		0.2176210569

		26		301		0		0.0234387167		0		0.2070075527

		27		277		0		0.0215698489		0		0.1969116752

		28		259		0		0.0201681981		0		0.1873081795

		29		242		0		0.0188444168		0		0.1781730518

		30		226		0		0.0175985049		0		0.1694834495

		31		206		0		0.0160411151		0		0.1612176441

		32		189		0		0.0147173337		0		0.1533549668

		33		181		0		0.0140943778		0		0.1458757569

		34		175		0		0.0136271609		0		0.1387613122

		35		167		0		0.013004205		0		0.1319938432

		36		156		0		0.0121476406		0		0.1255564275

		37		145		0		0.0112910762		0		0.1194329683

		38		137		0		0.0106681202		0		0.1136081537

		39		133		0		0.0103566423		0		0.1080674186

		40		124		0		0.0096558169		0		0.1027969084

		41		118		0		0.0091885999		0		0.0977834441

		42		114		0		0.0088771219		0		0.0930144892

		43		105		0		0.0081762965		0		0.088478119

		44		94		0		0.0073197321		0		0.0841629903

		45		90		0		0.0070082542		0		0.0800583128

		46		81		0		0.0063074287		0		0.0761538228

		47		76		0		0.0059180813		0		0.072439757

		48		75		0		0.0058402118		0		0.0689068284

		49		71		0		0.0055287338		0		0.0655462027

		50		66		0		0.0051393864		0		0.0623494767

		51
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Hypothetical reserve

				H1		H2		H3		H4		H5		H6		H7

		Reserve size (km2)		10		20		40		80		120		240		360

		Length (km)		5		10		10		20		20		40		60

		Width (km)		2		2		4		4		6		6		6

		F (y-1)		1.0		1.0		1.0		1.0		1.0		1.0		1.0

		F offshore (y-1)		0.1		0.1		0.1		0.1		0.1		0.1		0.1

		M (y-1) [for age <= 20]		0.075		0.075		0.075		0.075		0.075		0.075		0.075

		M (y-1) [for age > 20]		0.05		0.05		0.05		0.05		0.05		0.05		0.05

		% Migrants		60		60		60		60		60		60		60

		% Highly resident		20		20		20		20		20		20		20

		Inside:outside ratio of density (numbers)		1.895		1.995		2.191		2.256		2.334		2.345		2.381

		Inside:outside ratio of mature fish density (numbers)		19.218		21.127		24.972		26.255		27.923		27.926		28.156

		Density of mature fish per recruit relative to K		0.428		0.471		0.558		0.59		0.627		0.633		0.649

		Egg production per recruit relative to K		0.323		0.366		0.446		0.478		0.512		0.518		0.539

		Mortality rate in reserve (y-1)		0.105		0.101		0.098		0.096		0.095		0.095		0.093

		Proportion of residents		0.578		0.581		0.556		0.563		0.554		0.549		0.55





Figure 5
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size comparison

		Reserve		Size		Density per recruit		Egg production per recruit

		LS		1.9		0.235		0.143

		LE		3.3		0.263		0.163

		LL		4		0.292		0.189

		TS		1.5		0.245		0.146

		TE		3.1		0.277		0.18

		TL		4		0.286		0.185

		H1		10		0.428		0.323

		H2		20		0.471		0.366

		H3		40		0.558		0.446

		H4		80		0.59		0.478

		H5		120		0.627		0.512

		H6		240		0.633		0.518

		H7		360		0.649		0.539





Tawharanui

				Small		Existing		Large

		Reserve size (km2)		1.5		3.1		4

		F (y-1)		1.0		1.0		1.0

		F offshore (y-1)		0.1		0.1		0.1

		M (y-1) [for age <= 20]		0.075		0.075		0.075

		M (y-1) [for age > 20]		0.05		0.05		0.05

		% Migrants		60		60		60

		% Highly resident		20		20		20

		Inside:outside ratio of density (numbers)		1.492		1.559		1.577

		Inside:outside ratio of mature fish density (numbers)		10.891		11.708		11.976

		Density of mature fish per recruit relative to K		0.245		0.277		0.286

		Egg production per recruit relative to K		0.146		0.18		0.185

		Mortality rate in reserve (y-1)		0.143		0.127		0.128

		Proportion of residents		0.601		0.613		0.613





Leigh

				Small		Existing		Large

		Reserve size (km2)		1.9		3.3		4

		F (y-1)		1.0		1.0		1.0

		F offshore (y-1)		0.1		0.1		0.1

		M (y-1) [for age <= 20]		0.075		0.075		0.075

		M (y-1) [for age > 20]		0.05		0.05		0.05

		% Migrants		60		60		60

		% Highly resident		20		20		20

		Inside:outside ratio of density (numbers)		1.476		1.519		1.582

		Inside:outside ratio of mature fish density (numbers)		10.291		10.637		11.538

		Density of mature fish per recruit relative to K		0.235		0.263		0.292

		Egg production per recruit relative to K		0.143		0.163		0.189

		Mortality rate in reserve (y-1)		0.144		0.136		0.128

		Proportion of residents		0.595		0.59		0.594






_1101402990.unknown

_1099068759.unknown

_1099070634.unknown

_1099070221.unknown

_1097344801.unknown

