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[bookmark: _Toc272754941]Introduction

This technical report describes an assessment of Blue Swimmer Crab (Portunus pelagicus) size data collected from August 2013 to May 2014 in Southeast Sulawesi by the IMACS project funded by USAID. The assessment reported was conducted using the new SPR@Size stock assessment technique (Hordyk et al. 2014 a&b) under a short term contract for the same project. 
[bookmark: _Toc272754942]Specific Tasks
The following tasks were specified for the contract:
· Apply the SPR@Size method to size-frequency data from the Southeast Sulawesi blue swimming crab fishery provided by IMACS.
· Determine the spawning potential ratio of the Southeast Sulawesi blue swimming crab stock.
· Propose appropriate and scientifically sound SPR reference limits to guide management planning and interventions within the Southeast Sulawesi blue swimming crab fishery.
· Evaluate the strengths and weaknesses of the SPR@Size methodology in the context of the Southeast Sulawesi blue swimming crab fishery.
· Develop clear and concise guidelines on data analysis and treatment for use by non-specialists wishing to apply the SPR@Size methodology to blue swimming crab data.

[bookmark: _Toc272754943]Deliverables

The following deliverables were required by the contract: 
1. A technical report that includes:
· Description of the data collection methodology (provided by IMACS);
· Description of the data analysis methodology;
· Assessment of the Southeast Sulawesi blue swimming crab stock status as measured by the SPR@Size methodology;
· Proposed SPR reference limits to guide management planning and interventions within the Southeast Sulawesi blue swimming crab fishery;
· Evaluation of the strengths and weaknesses of the SPR@Size methodology for collaborative monitoring and management of the Southeast Sulawesi blue swimming crab fishery.
2. A 2-page summary for decision makers highlighting key findings and recommendations from the technical report.
3. A 2-page manual for non-specialists (I-Fish data management committee members) providing step-by-step data treatment and analysis guidelines explaining how to apply the SPR@Size methodology to blue swimming crab data.
[bookmark: _Toc272754944]Description of the data collection methodology

The data collection methodology was specified in May 2013 by this consultant, it is attached to this technical report as Appendix I. 
[bookmark: _Toc272754945]Analytical Framework

An Excel spreadsheet was developed to extract data summaries for the various selections of data required to make this analysis, and can be found in the Excel Workbook attached to this report. If not attached copies can also be obtained directly from the author.

In the attached Workbook the data are contained on the Spreadsheet (SS) called ‘bsc-2014-08-07’ these data are first sorted by whatever criteria are required for the analysis. The data within ‘bsc-2014-08-07’ should be sorted so that data aggregations required become arranged sequentially, which will then make the various aggregations easier to extract the ‘FREQUENCY’ function in Excel.

The URL http://www.wikihow.com/Create-a-Histogram-in-Excel provides a description of the basic methodology behind using the Excel Frequency function to make the type of Length Frequency histogram used in the attached workbook.
The spreadsheet ‘L-F extractor’ contains two histogram functions for application to selections of data in the spreadsheet ‘bsc-2014-08-07’. The range of cells in the ‘bsc-2014-08-07’ spreadsheet being summarized by the two histograms in the spreadsheet ‘L-F extractor’, can be adjusted by modifying cells B2 or F2. The former (B2) aggregates data by 2mm size bins and the latter (F2) by 5 mm size bins. Varying the definition of the ‘FREQUENCY’ equation in cell B2 or F2 allows histograms to be quickly made in columns B or F. Each extracted Length Frequency histogram is copied from cells B2:61 or F2:27 in the  ‘L-F extractor’ spreadsheet and pasted into the two spreadsheets called ‘LF Data Extracts 2MM’ and ‘LF Data Extracts 5MM’. Be sure to make this last step a ‘Special Paste - Values Only’ paste of the extracted LF histograms. The length frequency histograms extracted are plotted for visualization the LF Data Extract spreadsheets. 

The same process of extraction was used to extract data for estimating size of maturity (SOM) which is discussed below. 
[bookmark: _Toc272754946]Description of Data

In August, 2014 I was forwarded a data-set containing 58,273 measurements of BSC carapace width made between August, 2013 and May 2014. Table 1 provides a breakdown of the data by Miniplant, year, month, fishing ground and fishing gear. BSC from 20 different fishing grounds were sampled at three miniplants; Kasiputeh (7 fishing grounds; 27,534 BSC measured), Pajala (11 fishing grounds; 3,130 BSC measured) and Pamandati  (3 fishing grounds; 27,609 BSC measured). BSC from the fishing ground Tapi-Tapi were reported as being measured at both Kasiputeh and Pajala.

The BSC sampled were recorded as having been caught with traps, trammel nets, mini-trawl and pancing which involves patrolling a baited line set along the bottom in shallow water at night with light hanging over the bow of a canoe with an especially designed scoop net. The vast majority of the BSC measured (46,909) were caught using traps, 6,481 by minitrawl, 4,711 by trammel net and only 172 by pancing.

Catches from traps was sampled from every fishing ground apart from Polewali (Pamandati miniplant) where trammel nets was the only gear type sampled (2,390 BSC), and was the only gear type sampled from Alosi (397) and Tinanggea (678) sampled at the Kasiputeh minplant, Ambessa (176). Bulati (588), Kaindi (105), Palau Bangko (120), Pulo Tasipi (49) and Soropia (583) sampled at the Pajateh minplant, and Kolono (8,584) sampled at the Kasiputeh minplant.

The mini-trawl crabs were caught on the Molinese (100), Pulau Masaloka (4,784), Roda (198) and Ramba-Rumba (1,498) grounds and landed into the Kasiputeh miniplant only.

The data provides a good coverage (27,609) throughout the sampling period for the Pamandati miniplant during which time most of the sampled catch was by trap and a little by trammel nets. Good samples (15,337) were also collected during February, March and May from the Palau Masaloka fishing ground.

For the rest, the data provide a good snap-shot across almost all the fishing grounds and fishing gears of all three miniplants for September 2013, and again in January 2014 for the Rumba-Rumba fishing ground landed into the Kasiputeh miniplant.
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Table 1. Count of crabs measured by Miniplant, year, month fishing ground and gear.
[bookmark: _Toc272754947]Analysis of Size of Maturity

Counts of females aggregated by 2mm size category were estimated for each size category and stage of maturity (1-immature, 2-mature, 3- carrying eggs) for each of the three Miniplants using the SS called ‘L-F extractor’ as described above. 

The size of maturity is estimated as a standard logistic curve which has the form:

P=A/(1+e^(-r*(Lt- L50))

Where A is the level at which the curve asymptotes which is assumed to be 100% mature for this analysis, r is the rate parameter which relates to speed at which change from immature to mature occurs with increasing size, and Lt is the length for the proportion mature (P) is being estimated, and L50 is the size of first maturity (SoM or Lm).

The values of L50 and L90 are estimated by manually minimizing a sum of squares routine in the spreadsheets so that a model predicted maturity curve fits (describes) our data as closely as possible. For this purpose the routine was used that is contained in the spreadsheets in the attached Excel workbook with names ending in ‘SOM’.

Once the LF summaries for each data selection have been extracted using the SS ‘L-F extractor’ the LF summaries for Female stages 1-3 from each Mini-plant were pasted into cells C3:E62 of the SS’s with names ending in ‘SOM’. 

These SOM spreadsheets estimate the percent mature by size class in cells F3:F62 and can also be used to fit a size of maturity curve (cells G3:62) to the observed trend in cells F3:F62. For this purposes the squared difference between the estimated trend (F3:F62) and ‘Predicted Values’ is estimated in cells H3:62. To estimate the size of maturity curve and L50 and L90 the value for ‘r’ in cell I6 and the value for L50 in cell I9 are varied iteratively by entering smaller or larger values, by trial and error, to make the sum of the squared differences in cells H3:62 as small as possible. The Sum of Squares value being minimized is shown in cell H1, when this value is made as small as possible the value for r and L50 predict the data as closely as possible.

One caveat, if there is a size category with no observations, there will be a zero somewhere in column B3:62, this will throw a ‘division by zero’ error across into column F3:62 which will in cause the Sum of Squares (cell H1) to give an error message. The solution is to interpolate a value for the cell within F3:62 from the surrounding cells, this can easily be done by using the average of the cells either side. This problem will normally occur at the small or large extreme of the size range, so the interpolated value is commonly 0% or 100%. When you have finished one analysis you will need to reset the equation in the cells that were ‘hardwired’ with a fixed value. To refresh the equation in any cell simply use the Excel ‘Fill Down’ function and fill in the equation from the cell above.

This analysis provides the estimate of L50 directly, the estimate of L90 required by the LB-SPR assessment software is estimated directly from the fitted maturity curve in cells G3:62. Again a little interpolation may be necessary if L90 does not coincide exactly within one of the size categories, but within the precision needed for this technique this should not be a problem, a little mental arithmetic will suffice. 

[bookmark: _Toc272754948]Estimates of L50 and L90

Using all the data for females in aggregation (n=35,181) estimates of L50 = 102 mm and L90 = 106 mm were derived (Figure 1a, Table 2). Using all the data for females from Kasiputeh (n=17,696) estimates of L50 = 100 mm and L90 = 102 mm were derived (Figure 1b, Table 2). Using all the data for females from Pajala (n=1,711) estimates of L50 = 103 mm and L90 = 114 mm were derived (Figure 1c, Table 2). Using all the data for females from Parmandati (n=15,774) estimates of L50 = 104 mm and L90 = 112 mm were derived (Figure 1d, Table 2). Of note is that Pajala and Parmandati are similar with a similar higher size of L50s = 103 or 104 maturity and L90s = 112 maturation over 10-12 mm, in comparison to Kasiputeh where L50 is several mm smaller but 
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Figure 1. Estimated size of maturity curves; all data aggregated, Kasiputeh, Pajala and Permandanti with the estimates of L50 and L90 that were derived.
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Table 2. Tabulated parameter estimates for size of maturity relationships derived along with estimates of average maximum size derived assuming L50 /Linf = 0.57 (see below).
[bookmark: _Toc272754949]Size Frequency Histograms

When the data were initially binned by 2mm size categories for the size of maturity estimates the LF histograms had a pronounced spiky shape, suggesting that the data have effectively been collected to the nearest 5 mm, so this bin-width was used for the analysis.

Using the 5mm binning I compared:
· Males to females in total aggregated across all miniplants and months. There is a tendency for large number of bigger male crabs to be caught suggesting the males grow bigger than females. This is shown in figure 2, which shows the length frequency for all crabs measured (n=58,273) and for females alone (n=35,281). 
· The size distribution of the catch aggregated across all miniplants and months from the different gear types (traps n=46,097, trammel nets n=4.711, Mini-trawl n=6,480, and dipnet n=172) is shown in Figure 3. There is a tendency for the trammel nets to catch larger crabs than the other gears and the mini-trawl appears to land a greater proportion of small crabs, but this opinion is based upon visual inspection rather than statistical analysis.
· Size distribution between the three mini-plants aggregated across all gears and months. The modal size is greater (~ 120mm) at Pajala and Parmandanti which also share a larger size of maturity (104mm), than at Kasiputeh (~105mm) which has the lower size of maturity (100mm).
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Figure 2. The length frequency for all crabs measured (n=58,273) and for females alone (n=35,281).
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Figure 3. The size distribution of the catch aggregated across all miniplants and months from the different gear types (traps n=46,097, trammel nets n=4.711, Mini-trawl n=6,480, and dipnet n=172).
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Figure 4. The size distribution of the catch, both sexes of crabs aggregated across all miniplants and months from the different gear types (traps n=46,097, trammel nets n=4.711, Mini-trawl n=6,480, and dipnet n=172).

The size distribution of female crabs by month at Permandanti from August 2013 to May 2014 is shown in figure 5. The size distribution was relatively consistent through the year with  the mode and right hand limb of the population staying almost the same through the year. The main variation seen is the truncation of the left hand limb in April & May 2014, which may indicate a period of the year when there are naturally lower recruitment rates of small crabs growing into the fishery.
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Figure 4. Size distribution of females by month at Permandanti. From August 2013 (Top Left) to May 2014 (Middle Right).


[bookmark: _Toc272754950]Length Based SPR Assessment

In species where the males and females have distinct and different growth characteristics the LB-SPR Analysis focuses on the size structure and size of maturity of the females.

Considering that the majority of the data collected was with the traps, and that the catch composition from all the gear types is similar, and further considering there was little monthly variation in the data set from Permandanti.

I determined to analyze the data for the female crabs, aggregated across all months and gear types, but separately for Kasiputeh by itself, and Permandanti and Pajala together. Using the Kasiputeh estimate of SoM for the former, and the Permandanti estimate of SoM for the latter.

To this end the length data for females from Kasiputeh and Permandanti and Pajala together, were extracted from the Excel Spreadsheet as a csv delineated file for uploading into the SPR@Size assessment software.

[bookmark: _Toc272754951]Literature Synopsis

To parameterize length based SPR assessments estimates are required of the two life histories ratios: 
· M/k - the rate of natural mortality divided by the growth co-efficient,
· Lm /L∞ - the size of maturity relative to asymptotic size, the assessment.
These can be estimated from the scientific literature for BSC because the growth, longevity and maturity of blue swimmer crabs has been relatively well studied in temperate and sub-tropical regions of Australia (Western Australia, Queensland) and there are also studies from India, and Thailand and some unpublished Indonesian studies. Generally these studies have tracked the progression of model sizes to estimate growth parameters and longevity. The Chesapeake Bay blue crab (Callinectes sapidus) has also been well studied and apparently has a very similar biology and life history strategy. Both crab species have a longevity of about 2.5 years. For blue swimmer crab the estimates of L∞ range from 124 -215 mm, k from 0.6 – 2.67 and Lm = 90-101mm and for the Chesapeake Bay blue crab L∞ is estimated to be 262 mm and k from 0.59, and Lm = 150.

At the March 2013 meetings in Jakarta with P4KSI Indonesia estimates of BSC growth and mortality were presented (Table 3) which agree closely with those derived from other BSC studies as well with those for the similar, but distinct Chesapeake blue crab. This illustrates one of the basic theories underlying the LB-SPR approach, which is that, while the actual rates of growth and mortality, and the absolute size of maturity and asymptotic size for each species varies widely between differing stocks and areas, each species grow and reproduce according to specific formulas which are characteristic of species can be expressed as ratios of M/k and Lm /L∞ and are relatively stable across differing stocks, areas and temperature regimes.
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Table 3. Comparison of biological parameters for Blue Swimmer Crab derived by P4KSI studies and those derived from the mainly Australian literature, and also for Chesapeake Blue Crab. Note the similarity of all the values for M/k and Lm /L∞ despite the difference between temperate and tropical environments and species.



[bookmark: _Toc272754952]Length-based Assessment of SPR

This assessment of SPR was performed using the assessment software developed by Dr Adrian Hordyk, Murdoch University (Hordyk et al. 2014b), with a web-based user-friendly interface developed for IMACS. Access to the web-based software can be arranged directly through Dr Hordyk (A.Hordyk@Murdoch.edu.au). 

The underlying assessment software behind the user-interface is currently written in two open-source fisheries assessment software ‘R’ and ‘ADMB-model builder’ and can also be obtained from Dr Hordyk, but it can be difficult to install, so this is only recommended for the technically minded who are proficient with those languages.

The web-based user interface has been developed for the assessment software to make it available for the non-technically minded to use. 

First the length data described above was uploaded to the software as a string of length measurements in comma delineated (.csv) form.

And then various parameters are specified for the analysis:

Lmin: Smallest length to be plotted and fitted. Defines the range of data to be used.
Lmax: Largest length to be plotted and fitted. Defines the range of data to be used.
Bin Width: Width of the categories used for aggregating length measurements
M/k: This is the ratio of natural mortality (M) and growth co-efficient (k) and is derived through synthesis of biological studies. The best estimate recommended at this time for BSC analyses is 1.25 (Table 3).
 L∞ :  This is estimated (Table 2) using the size of maturity estimate (Lm =L50) and the characteristic relative size of maturity of a species Lm/L∞ derived from the literature, for BSC Lm /L∞ = 0.57 (Table 3).

CVL∞ : This is the natural variation assumed around each populations asymptotic size (L∞) it is required for this type of analysis, and is widely assumed to be around 10% or 0.1. Unless there is data from studies to vary this value we use 0.1 as the default value.
L50 : The size at which 50% of individuals are mature. This is derived from the size of maturity studies (Table 2).
L90 : The size at which 90% of individuals are mature. This is derived from the size of maturity studies (Table 2).

The last four parameters for specification (below) simply help stabilize the models estimation of selectivity and F/M. The estimates of SPR produced with the software, are very robust, however the estimates of F/M are entirely dependent on the estimates of selectivity produced by the model. Especially with poor data the model can achieve the best fit for relatively high SPRs by estimating an extremely large size of selectivity and F/M, a scenario unlikely to be realistic. In such a case constraining the selectivity parameters (SL50 & Delta) between an upper and lower bound using prior knowledge of the fishery may be important to produce realistic estimates of F/M. 

In the case of this BSC analysis the size data are extremely strong and I initially expected the model to need no constraining, so the SL50 values were set much higher (125 mm) or lower (1 mm) than the expected value so as not to affect the analysis, and the Delta values were left in default settings (0.01, 0.25). It was subsequently decided to constrain the estimation of selectivity for one of the analyses.

SL50 Min : The lower bound for the selectivity parameters SL50. Set at 1 mm smaller than the size of selectivity so as not to constrain the assessment.
SL50 Max : The upper bound for the selectivity parameters SL50. Initially set at 125 mm larger than the size of selectivity so as not to constrain the assessment. Later set at 110 mm for the subsequent analysis of the Permandanti and Pajala data.
Delta Min : Left at Default value 0.01 allowing for wide range of slopes for fitted selectivity curves.
Delta Max : Initially left at Default value 0.25 allowing for wide range of slopes for fitted selectivity curves. Later set at 0.10 mm for the subsequent analysis of the Permandanti and Pajala data.

[bookmark: _Toc272754953]Results
The results along with the data and parameters used are shown in Figures 5-7 which show the downloaded output screen from LB-SPR assessment software. All the fitted of size curves match the size data reasonable well, although the data from Kasiputeh are obviously spikier than the model can predict. Perhaps because these data were collected over fewer months the Kasiputeh length frequency histogram is not as smooth as the Permandanti and Pajala histogram. The selectivity parameters for Kasiputeh (SL50 = 92 mm, SL90 = 106) look compatible with what is seen in the fishery, so the estimate of F/M = 2.8 is probably reasonable for this area (Figure 5). However the estimates for Permandanti and Pajala (SL50 = 111 mm, SL90 = 135 mm) look far too high (Figure 6). This probably means that this initial estimate of F/M = 5 is a considerable over-estimate for Permandanti and Pajala. On this basis I determined to repeat the Permandanti and Pajala analysis but constraining the fit of the selectivity curve to be similar to that estimated for Kasiputeh. However, the Kasiputeh measurements include a proportion of mini-trawl catch, which selects for smaller crabs than the gears used to land the Permandanti and Pajala catch (Figure 4), so the constraints used allowed for an SL50 of up to 110 mm to be estimated. The revised estimates for Permandanti and Pajala (SL50 = 104 mm, SL90 = 122 mm) appear more reasonable than the initial fitting (Figure 7), and as expected produced a slightly lower estimate of fishing pressure (F/M) and a very small increase in the estimate of SPR.

These results suggest that the Kasiputeh area of the fishery has 13% SPR and F/M = 2.3 and Permandanti and Pajala have 14% SPR and F/M = 3.3. 
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Figure 5. The downloaded output of the LB-SPR assessment software for the Kasiputeh data showing the parameters used in the left hand panel, the size data used and the size distribution curve fitting to them (solid line) in the top right hand panel, the specified size of maturity curve (solid line) and estimated selectivity curve (grey dashed line) in the middle right panel. The box at the bottom right shows results of the assessment; the estimated selectivity curve (SL50, SL90), also plotted above, and the estimated fishing pressure (F/M) and spawning potential ration (SPR).
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Figure 6. The downloaded output of the LB-SPR assessment software for the combined Permandanti and Pajala data showing the parameters used in the left hand panel, the size data used and the size distribution curve fitting to them (solid line) in the top right hand panel, the specified size of maturity curve (solid line) and estimated selectivity curve (grey dashed line) in the middle right panel. The box at the bottom right shows results of the assessment; the estimated selectivity curve (SL50, SL90), also plotted above, and the estimated fishing pressure (F/M) and spawning potential ration (SPR).
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Figure 7. The downloaded output of the LB-SPR assessment software for the combined Permandanti and Pajala data analyzed with selectivity constrained so as to be similar to the selectivity estimated for Kasiputeh. The parameters used are shown in the left hand panel, the size data used and the size distribution curve fitting to them (solid line) in the top right hand panel, the specified size of maturity curve (solid line) and estimated selectivity curve (grey dashed line) in the middle right panel. The box at the bottom right shows results of the assessment; the estimated selectivity curve (SL50, SL90), also plotted above, and the estimated fishing pressure (F/M) and spawning potential ration (SPR).

[bookmark: _Toc272754954]Proposed SPR reference limits to guide management 

Assessment methodologies based on the fishing intensity of mortality caused by (F) are less data intensive then those based on estimating biomass trends (B) and so are commonly used to assess data-poor fisheries. F-based Reference Points include; F0.1, FMAX, or F/M (where M is the rate of natural mortality) and SPR, or some multiple of these (Restrepo & Powers 1999). 

The reference points F/M and SPR are computed by the SPR@Size technique applied here although the emphasis in this application is on the estimation of SPR. For context for some of the results above Zhou et al. (2012) have shown through meta-analysis that for teleosts (bony fish) that F/M = 0.87 provides a proxy for the level of fishing pressure likely to result in the Maximum Sustainable Yield (MSY) of a stock. However, in the case of Southeast Sulawesi BSC the SPR metric is the more useful because reproductive potential and yield from the stock might feasibly be managed by changing the size selectivity of fishing, where as managing fishing effort at the current time by controlling the number of fishers, the length of time they fish and the amount of gear they use, would appear to be extremely challenging.

[bookmark: _Toc272754955]SPR- Based Biological Reference Points

Spawning Potential Ratio (SPR) is the ratio of an average crab’s life-time reproductive potential under fishing, and the reproductive potential it would have in the absence of fishing. It measures the proportional reduction in reproductive potential caused by fishing. It is a function of fishing pressure (F) and each species productivity (M) and so is effectively proportional to F/M (Hordyk  et al. 2014a). 

Mace & Sissenwine (1993) concluded that RPs defined in SPR are superior to those defined in terms of Yield Per Recruit (YPR) because they incorporate maturity schedules in addition to the selectivity processes captured by YPR. Thus RP’s derived from SPR take account of the effects of disparate recruitment and maturity schedules whereas those derived from YPR do not. Under equilibrium conditions the equivalence between the various metrics used; biomass (B), fishing pressure (F), and reproductive potential (SPR) can be assumed to be direct as shown in Table 5. 

The most commonly used SPR Reference Points were developed on the basis of a meta-analysis of teleost (bony fish) stock assessments by Mace and Sissenswine (1993). Mace and Sissenswine recommended F20% or SPR20% as a recruitment-overfishing limit for stocks with average resilience or productivity. This is the point below which a stock is considered at risk of impaired recruitment which may lead to long term declines. Mace and Sissenswine also noted that elasmobranchs (Sharks, skates and rays) with lower productivity would be expected to require higher SPR. Mace (1994) expanded the earlier analysis and suggested F40% or SPR40% as a default MSY proxy when stock-recruit relationships are unknown. Revisiting an earlier analysis (Clark 1991), and after considering recruitment variability, Clark (1993) also recommended F40% and SPR40% as MSY proxies. More recently Clark (2002) expanded his analyses to consider lower values of slope (steepness) at the origin of the stock-recruitment-relationship, as might be expected for long-lived rockfish, but his focus was still on recommending a single level of SPR that would be sustainable for most fish without causing too much yield to be foregone in the more resilient stocks. He concluded that SPR>40% should meet current management needs, but noted that for very low productivity species, the appropriate fishing level could be F60% or even F70% (Clark 2002). These analyses have become the basis for the SPR Reference Points widely recognized under national fisheries laws, and the default reference points applied by The Marine Stewardship Council (Table 5). 

 [image: ]
Table 5. Generic levels of equivalence under equilibrium conditions between three reference points of fisheries status; biomass (B), fishing pressure (F), and reproductive potential (SPR). Indicative Reference Points established within the fisheries literature, primarily on the basis of assessments of bony fish stock assessment.

The established principal is that for biological sustainability the target for SPR levels should be related to the underlying productivity of the species being managed, which is related to the steepness of a species’ stock recruitment relationship when stocks are low levels i.e. how many young can each adult produce. Less productive species with low steepness in general require higher more precautionary targets for spawning potential and biomass. While species such as crabs, have steep relationships between stock and recruitment, because a small number of breeders can produce very large numbers (millions) of larvae, and by the same accepted logic lower SPR Reference Points can be justified for these species. Although to my knowledge no generally accepted lower SPR Reference Points for high steepness species like crustaceans (lobsters, crabs, shrimp) has been published.  

Conventional wisdom has long been that high-fecundity spawners such as many sessile molluscs and crustaceans may recover from low thresholds, but even for these, evidence suggests that recruitment is enhanced by healthy source (Caddy 2004). Threshold values of SPR10% and 5% were used as targets for Homarus americanus, in the USA and Canada respectively, and 5% for Panulirus argus in the USA, but unexpected recruitment declines in the 2000s lead to these levels being questioned (Caddy 2004). Miller & Hannah (2006) argued that SPR reference points (5%) had been useful in the Canadian fishery for Homarus americanus but that the historic achieved level of <2% of unfished egg production in Canada appeared to have been too low and needed improvement. 


The overfishing thresholds for the spiny lobster (Panulirus sp.) fisheries of the United States Caribbean and Hawaiian Islands is SPR 20% (Miller & Hannah 2006) and SPR 20% is the target for the Western Australian rock lobster fishery, on the basis that, historically this level provided adequate recruitment (Caputi et al. 1996). Thus there is an arguable case that SPR reference points for invertebrates can be set at lower levels than the default teleost Reference points (Table 5). 

Based on this international experience a case can be made and defended that the Biological Reference Points for BSC should be:
 	Limit Reference Point of SPR: 10%
	Target Reference Point of SPR:  20% 
But this case would need to be made and argued with The Marine Stewardship Council’s to be accepted for certification.

[bookmark: _Toc272754956]Bio-economic Reference Points.

The above discussion about SPR Reference points pertain only to securing the biological sustainability of the resource. However, the ultimate goal of fisheries management is sustainable profitable fisheries giving good returns for both the fishing communities, and the processing and marketing sectors. In this fishery, high premiums are set upon the pieces of meat which come from large crabs, so SPR Reference Points should be set in the long term for optimizing production from the fishery.

Underlying the LB-SPR assessment described above is a generic growth curve for BSC which has been scaled to the Size of Maturity estimated with these data. Applying an indicative length-weight relationship to the growth curves underlying this analysis it is possible to estimate the gain in average weight of crabs that will occur if they are left growing for longer before being caught (Table 6). These weights are only indicative because of the generalised length weight equation used, exacts weight will vary from place to place, however, the relative change in weight with increasing SPR, age and size is accurate.

	Age (Months
	Carapace Width (mm)
	Body Weight (g)
	SPR (%)

	9
	103
	65
	5

	10
	110
	80
	10

	13
	129
	128
	30

	15
	138
	158
	40



Table 6. The growth in weight of Blue Swimmer Crabs between 9 and 15 months of age, and the concurrent increase in SPR. Note these weights are only indicative and their exact values may vary with those seen in any particular location, however, the relative change in weight with increasing SPR, age and size are accurate. NB: the 100% increase in weight between 9 and 13 month of age.  

Note  the doubling in weight in Table 6, that occurs between 9 months, and 12 months of age. The average size and age in the catch is getting down to 105 mm about 9 months. These figures suggest that the sustainable yield of crabs can be almost doubled if the decline in SPT and average size can be reversed through fisheries management. If the minimum size at which crabs are first caught could be increased, crabs could be left a few months longer in the water growing rapidly until capture. If left growing until they attained an average carapace width of about 130 mm this would equate to about 12 months of age and a target of around SPR30%. If this were to be achieved not only would there be a higher total yield of crab meat but the bigger meats would be of higher value as well. 

In this context I would suggest the following combined Biological and Bio-economic SPR Reference Points: 
· SPR 10%: Biological Limit Reference Point below which reproductive potential should not be allowed to fall in case recruitment is impaired.
· SPR 20%: Biological Target Reference Point the bottom-line target for purely sustainability concerns.
· SPR 30%: Bio-economic Target Reference Point the target for optimizing the value of the meat produced.
[bookmark: _Toc272754957]Assessment of the Southeast Sulawesi blue swimming crab stock status


The results of the SPR@Size assessment methodology suggest the BSC fishery in Southeast Sulawesi has SPR levels of 12-13% SPR and that the index of fishing pressure (F/M) is 2.5-5.0. While still above the recommended Limit Reference Point this is a long way below the recommended Biological Target (SPR 20%), let alone the Bio-economic Target (SPR 30%).

The result of this assessment is consistent with an oral description of the history for the fishery in Kendari in May 2013 by Pak Unang the largest owner of mini-plants in the region. He told me that BSC harvest started in this region in 1990 and was processed and exported as frozen cleaned halves. In 1997 processing crabs by extracting the meat for canning and production peaked in 2010 with strong demand from the US market due to declining supply from Thailand and the Philippines. Until 2010 the production of Jumbo meat was stable above 15%, but after 2010 it began declining to 12-14% corresponding to a fall in average size from > 120 mm to 110-120 mm.

[bookmark: _GoBack]In Southeast Sulawesi it seems the most practical way of trying to manage this stock towards having higher SPR levels will be to modify the fisheries so that they catch less of the smaller crabs, so as to give the smaller crabs more time to grow. If the same number of crabs were caught but at a larger size having completed 30% of their spawning the current catch could be doubled. The aim of management should be to deter crabs smaller than 110 mm carapace width being caught. The different gear types might need different forms of management to achieve the outcome of leaving smaller crabs in the water longer to grow. Escape gaps (Boutson et al. 2009) could be fitted to traps, minimum size limits could applied to the catch of traps, dip-nets and trammel nets, while mini-trawling could be kept to deeper water, where the larger crabs occur. Mini-plants could also refuse to buy undersize crabs. Small steps in management towards eventual long-term management targets might be necessary, for size limits, escape gaps or depth limitations may need phasing in gradually to make change possible.

In this context it should be noted that 80% of the crabs measured were caught with traps, if this reflects the distribution of fishing it suggests that it will be the management of the trap fishery, which will mainly determine the future of the fishery. This could be achieved if the mini-plant owners who supply the fishermen with fishing equipment began to supply the fishers with traps fitted with escape gaps as described by Boutson et al. (2009).  The catch from the trammel nets is not of so much concern as the size of crabs caught is generally larger (Figure 4. The lower proportion of catch made with trammel nets (8%) and hooks (0.2%) suggest their impact is much less and so the priority for managing them is less than it is for the traps.

In the future it will be able to measure the success of management action, or otherwise, by repeating this LB-SPR assessment. Re-assessment in the future could inform future management decision allowing management to become adaptive and to learn from experience.  
[bookmark: _Toc272754958]Strengths and weaknesses of the SPR@Size methodology.

Evaluation of the strengths and weaknesses of the SPR@Size methodology for collaborative monitoring and management of the Southeast Sulawesi blue swimming crab fishery.

[bookmark: _Toc272754959]Strengths

This assessment is a practical proof that the SPR@Size technique can be applied cost effectively to collaboratively monitor and assess the Southeast Sulawesi blue swimming crab fishery. This assessment provides an initial starting point for the discussion of the need for management, appropriate reference points to target management at, and can also provide the basis for developing detailed recommendations for minimum size limits and escape gaps, if and when that is required.

At this point in time no other existing stock assessment technique can be applied this quickly, cost-effectively and robustly.

The results of this assessment can provide the basis of detailed bio-economic modeling of SPR Reference Points, combining pricing information on meat grades and weights with the growth curves underlying this SPR@Size analysis would make it possible to precisely estimate the SPR target for optimizing the value of the meat yield in each area. The results of this assessment can also provide the basis for estimating minimum size limits and the dimensions of escape gap dimensions.

By repeating the assessment periodically (every 2-4 years) and monitoring the trend in SPR over time the effectiveness of management changes can be evaluated, and future management decisions informed, by the success or otherwise of previous actions. 

[bookmark: _Toc272754960]Weaknesses

In this application of the SPR@Size technique no weaknesses in the technique are obvious. From our other work developing the SPR@Size technique we know there are types of stocks and fisheries for which this technique may not work well. Attributes we expect to see pose some challenges to the technique include extremely long lived species, species tending towards determinate forms of growth, fisheries with pronounced dome shape selectivity and fisheries on terminal spawners, or just larvae and juveniles. None of these conditions apply in this case and the technique appears to have performed extremely well, although the fact that there is no comparable alternative assessment also favors this assessment. 

The main weakness encountered in this application is the limited number of Reference Points (SPR & F/M) that can be estimated and the limited forms of advice that can be offered about incrementally adjusting the selectivity of the fishery and/or the level of fishing pressure. Without a long time series of SPR estimates and accurate monitoring of catch and effort no predictions about long term sustainable yield levels are possible. But on the other hand there are insufficient data and information to apply any more other form of assessment, so these limitations have to be accepted.
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Indonesian Blue Swimmer Crab Values February 2012



Location Linf Lm Lm/Linf Lm/Linf
Labuhan 180 0.57 Australia
Cirebon 129
Pati 199 118 0.59296482
Bangkalan 153
Selat Makassar 150 93.3 0.622 0.57 Chesapeake Bl Crab



M k M/k M/k
Selat Makassar 1.58 1.57 1.00636943 0.97  Australian Lower
Labuhan 1.04 0.91 1.14285714 1.24 Australian Best 
Cirebon 1.04 0.8 1.3 1.6 Australian Upper
Pati 1.09 1.06 1.02830189
Bangkalan 1.09 0.92 1.18478261 1.2 Chesapeake Bl Crab
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Description Biomass	
  (B) F SPR
Limit	
  Reference	
  Point	
  (LRP) 20 20 20
Lower	
  MSY	
  Prox 30 30 30
Upper	
  MSY	
  Prox 40 40 40
Precaut.	
  MSY	
  &	
  MEY	
  Proxy 50 50 50
Precautionary	
  &	
  Rebuild	
  SPR 60 60 60
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Count	
  of	
  Width	
  Measurements	
  by	
  Miniplant,by	
  year	
  and	
  month,	
  fishing	
  ground	
  &	
  gear	
  type.
2013 2013	
  Total 2014 2014	
  Total Grand	
  Total



Miniplant Fishing	
  Ground Gear 8 9 10 11 12 1 2 3 4 5
Kasiputeh 588 4,561 293 5,442 6,555 5,968 3,000 6,569 22,092 27,534



Alosi Trap 97 300 397 397
Molinese 295 2,288 2,583 2,583



Trap 295 2,188 2,483 2,483
Mini	
  Trawl 100 100 100



Pulau	
  Masaloka 5,768 3,000 6,569 15,337 15,337
Trap 4,173 2,000 4,380 10,553 10,553
Mini	
  Trawl 1,595 1,000 2,189 4,784 4,784



Roda 198 198 198
Trap 99 99 99
Mini	
  Trawl 99 99 99



Rumba-­‐Rumba 293 293 6,355 6,355 6,648
Trap 196 196 4,559 4,559 4,755
Trammel	
  Net 298 298 298
Mini	
  Trawl 1,498 1,498 1,498
Pancing 97 97 97



Tapi-­‐Tapi 97 1,196 1,293 200 200 400 1,693
Trap 199 199 199
Trammel	
  Net 97 997 1,094 200 200 400 1,494



Tinanggea Trap 99 579 678 678
Pajala 1,829 1,301 3,130 3,130



Ambesea Trap 176 176 176
Bulati Trap 349 239 588 588
Kaindi Trap 105 105 105
Labokeo Trammel	
  Net 80 80 80
Lakabu 119 119 119



Trap 119 119 119
Lasama Trammel	
  Net 120 120 120
Palau	
  Bangko Trap 120 120 120
Pulau	
  Mandike 177 177 177



Trap 98 98 98
Trammel	
  Net 79 79 79



Pulo	
  Tasipi Trap 49 49 49
Soropia Trap 118 465 583 583
Tapi-­‐Tapi 536 477 1,013 1,013



Trap 461 477 938 938
Pancing 75 75 75



Pamandati 358 3,462 2,625 2,907 3,273 12,625 1,307 3,307 4,454 4,723 1,193 14,984 27,609
Kolono Trap 1,190 1,190 1,307 1,417 1,727 1,750 1,193 7,394 8,584
Pamandati 358 3,462 2,625 1,787 1,437 9,669 1,890 2,459 2,617 6,966 16,635



Trap 358 3,212 2,625 1,787 1,437 9,419 1,890 2,459 2,617 6,966 16,385
Trammel	
  Net 250 250 250



Polewali Trammel	
  Net 1,120 646 1,766 268 356 624 2,390
Grand	
  Total 946 9,852 3,926 3,200 3,273 21,197 7,862 9,275 7,454 4,723 7,762 37,076 58,273
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