	
Appendix 1a. A seasonally structured yield and egg per recruit model for lobsters with probabilistic growth

A1a.1 Introduction

This modelling exercise fulfils aims specified under Objective 1 of Defra R & D project MF1204. The approach takes the models of Fogarty and Idoine (1988), and unpublished work carried out by Idoine & Addison as its basis. It permits analysis of a range of alternative management strategies, including V-notching at various rates of compliance. However, it develops these approaches further, by including alternative V-notching strategies for berried (ovigerous) lobsters and/or under-sized lobsters, rather than only the ovigerous option proposed in the Idoine & Addison (unpublished) work and provides an option to link natural mortality with moulting.

A1a.2 Methods

The model was programmed in Microsoft (MS) Visual Basic for Applications (VBA) as a function interfacing with MS Excel.
A1a.2.1 Model overview
A1a.2.1.1 Population structure and biology

The model is a per recruit model, based on projecting a predetermined number of recruits forward. Yield, spawning potential and egg production are calculated for the cohort over a 50 year period. Growth is modelled probabilistically by moult frequency and moult increment. 

The population is structured in 1mm length classes and also according growth characteristics including the month in which moulting nominally occurs (moult month) and 3 categories for annual moult frequency (double moulters, single moulters & non-moulters). At each year end, surviving animals from the non- and single moult categories as well as double moulting animals that have grown into size classes where double moulting no longer occurs are combined and reassigned to moult month and non- or single moulting categories according to the input parameters. Double moulting animals still small enough to continue double moulting retain their original moult months. Moult frequency decreases with size and non-moulters are considered within a nominal moult month category which also synchronises their reproductive cycle.

The timing of reproduction is linked to the moult cycle with spawning taking place 3 months after the moult month and hatching 9 months thereafter, i.e. in the moult month of the subsequent year. Animals moulting twice within a year are considered unavailable for reproduction. Although this is rational for females, which could not incubate eggs and moult in the same year, the possibility for small males to be mature and sexually active whilst double moulting exists, but is not implemented in this model.
A1a.2.1.2 Mortality 

Fishing mortality is applied monthly according to a hypothetical effort regime. It is characterised into fishing mortality for sizes above and below the MLS. Under management regimes prohibiting the landing of ovigerous or V-notched lobsters these animals are not included in the landings and are assumed to have 100% discard survival. 

Natural mortality (M) can be considered as a two processes, one continuous and applied equally across all months and a second component of M directly linked with the moulting process. Continuous M can be specified by length class, but is kept constant in this study as moult related mortality can be used to provide a length structured mortality that is process driven.
A1a.2.1.3 Management options

A range of potential management approaches can be investigated through modelling scenarios including:
a range of fishing mortality levels, 
changes to minimum landing size (MLS),
prohibiting the landing of ovigerous (berried) females,
prohibiting the landing of V-notched lobsters, under two voluntary V-notching schemes or in combination:
berried lobsters are required to be V-notched,
undersized lobsters are required to be V-notched
berried lobsters and undersized lobsters are required to be V-notched,
A multiplier indicative of V-Notching implementation level can be applied to the management regimes specified in 4.
A1a.2.2 Model details- parameterisation and parameters

The model is single sex, to obtain results for a population as a whole, separate sex results for males and females need to be considered together. However, note that some management scenarios apply only to females, i.e. prohibition of landing ovigerous females and V-notching of ovigerous females.
A1a.2.2.1 Growth

Growth is probabilistic, based on moult probability and moult increment.  

The timing of moulting is seasonally variable. Animals are distributed into specified moult month categories specified as input parameters. Non-moulters are also assigned a nominal moult month which is used to control the seasonality of spawning. This provides synchrony for the growth and spawning cycles, avoiding the situation of ovigerous females moulting. Input parameters specifying proportions by moult month for single or double moult categories for this study (Table A1a.1) were based on experience from the Yorkshire fishery (J. Addison pers. comm.) and the nominal moult month for non-moulters followed the same pattern as single moulters. These reflect most moulting occurring during the summer, and therefore most female lobsters berried through autumn and winter. It is possible that, in some regions where water temperatures are higher, moulting may commence earlier than suggested here. The first moult of lobsters moulting twice in a year occurred earlier (i.e. March & April) in order to allow time for feeding and internal growth before a second moult which took place 6 months later.    

Table A1a.1. Input parameters specifying proportions by moult month for each (non-, single or double) moult category
	
	Proportion by moult month

	Month
	Non-moulting
	Single moult
	Double moult

	
	Male
	Female
	Male
	Female
	Male
	Female

	January
	0 
	0 
	0 
	0 
	0
	0

	February
	0 
	0 
	0 
	0 
	0
	0

	March
	0 
	0 
	0 
	0 
	0.5
	0.5

	April
	0 
	0 
	0 
	0 
	0.5
	0.5

	May
	0.1
	0 
	0.1
	0 
	0
	0

	June
	0.25
	0.2
	0.25
	0.2
	0
	0

	July
	0.4
	0.45
	0.4
	0.45
	0
	0

	August
	0.25
	0.25
	0.25
	0.25
	0
	0

	September
	0 
	0.1
	0 
	0.1
	0.5
	0.5

	October
	0 
	0 
	0 
	0 
	0.5
	0.5

	November
	0 
	0 
	0 
	0 
	0
	0

	December
	0 
	0 
	0 
	0 
	0
	0

	Total
	1.0
	1.0 
	1.0
	1.0 
	2.0
	2.0



The population is considered in three groups with regards moult probability; non-moulters, single moulters and double moulters. At the start of the program run animals are divided into each of these categories according to length dependent probabilities. At each subsequent calendar year end, the non- and single moulters and double moulters that have grown larger than the size at which double moulting occurs are combined allocated across the population of non- and single moulting and moult month categories in the proportions specified as input parameters. Double moulters, in the size range where double moulting occurs, retain their original specified moult month until the end of the year in which they grow out of this size range.

Thus at the start of each year the population has been assigned into monthly, non-, single-, and double moult classes, all of which are length structured. For any given month, individuals in the single and double moult categories and for which the month is their moult month will grow according to the growth function.
 Moult probability

Moult probability was modelled primarily using the a size dependent logistic model where moult probability (Pm) was defined by 

 

where a and b are parameters and L is carapace length (Fogarty & Idoine, 1988).  A review of moult probability parameters for European lobsters (Appendix 1b), indicated a range of different models and parameters with the logistic model of Fogarty & Idoine, (1988) for Homarus americanus, relatively central amongst them with regards to single moult probability. This model was therefore selected with parameters a= -6.867 and b = 0.058 for females and a= -6.886 and b = 0.052 for males. Additional double moulting was modelled for size classes below 85mm according to rates suggested by J. Addison (pers. comm.; Table A1a.2)

Table A1a.2. Double moulting probabilities
	Size class (mm carapace length)
	55-64
	65-74
	75-84
	85+

	Double moult probability
	0.8
	0.6
	0.1
	0



For size classes where double moulting occurs the single moult probability was calculated as the probability according to the logistic model minus the specified double moult probability, while the non-moult probability was 1 minus the logistic probability. The single moult probability for size classes where double moulting was possible was constrained to be positive, although this was not an issue given the parameters used.
Moult increment 

Moult increments were modelled as suggested by Idoine and Addison (unpublished), with three size dependent growth stanzas. For each stanza a minimum moult increment and a vector of probabilities for growth increments at one-millimetre intervals starting with the minimum were specified. Some of the discussion documents from Iodine and Addison, suggested the same 11mm normally distributed probabilities about the moult increment for all stanzas which have subsequently been approximated by a normal distribution (see Table A1a.3). However, we follow a later suggestion (J. Addison, pers. comm.), that the moult increment will be smaller for the smaller stanzas and we also adjust the distribution of probabilities around the moult increment to be more disperse with increasing size and moult increment (Table A1a.3, Figure A1a.1). 

Table A1a.3.  Moult increment parameters
	
	Stanza 1
	Stanza 2
	Stanza 3
	Figures for all stanzas (Idoine & Addison files)

	Size range
	55-70mm
	71-110mm
	111+mm
	

	Minimum increment females
	2mm
	4mm
	5mm
	

	Minimum increment males
	2mm
	5mm
	7mm
	

	Mean of dispersion
	5.5
	5.5
	5.5
	

	Standard deviation
	1.5
	2
	2.96
	

	
	Probability
	

	Minimum increment
	0.0012
	0.0093
	0.0348
	0.0338

	Minimum increment + 1mm
	0.0085
	0.0280
	0.0580
	0.0568

	Minimum increment + 2mm
	0.0380
	0.0660
	0.0861
	0.0863

	Minimum increment + 3mm
	0.1109
	0.1217
	0.1142
	0.1147

	Minimum increment + 4mm
	0.2108
	0.1757
	0.1353
	0.1368

	Minimum increment + 5mm
	0.2612
	0.1986
	0.1432
	0.1432

	Minimum increment + 6mm
	0.2108
	0.1757
	0.1353
	0.1368

	Minimum increment + 7mm
	0.1109
	0.1217
	0.1142
	0.1147

	Minimum increment + 8mm
	0.0380
	0.0660
	0.0861
	0.0863

	Minimum increment + 9mm
	0.0085
	0.0280
	0.0580
	0.0568

	Minimum increment + 10mm
	0.0012
	0.0093
	0.0348
	0.0338

	Total
	1.000
	1.000
	1.000
	1.000



Figure A1a.1. Distribution of moult increments above the minimum moult increment by stanza

The new length structure for each population component is calculated by working through all premoult length classes and summing the numbers within postmoult length classes.

The above method provides a relatively simple and moderately transparent way of modelling lobster growth probabilistically, with the disadvantage that the stanza approach can lead to some discontinuity in the distributions of growth increments. Future work should consider a more complete and documented analysis of any available historic lobster growth data for the UK or Europe, including the fitting and implementation of more modern growth models. With this in mind and to provide some initial relevant background, we briefly reviewed available literature, models and parameters for the growth of European lobsters in Appendix Ib.
A1a.2.2.2 Reproductive cycle, maturation and spawning

Lobsters are not thought to reproduce every year, for example Agnalt et al., (2007) tagged a mixture of wild and cultured berried lobsters and found that reproduction (spawning) and growth (moulting) alternated in a 2 year cycle for >90% of females. A small number moulted and spawned a few weeks after hatching their previous eggs. Other authors have also suggested that around 50% of the mature female lobster population spawns each year and we therefore modelled the proportion spawning using a multiplier (set to 0.5 in this study) on the proportion mature, which was modelled using a logistic curve, parameterised using data from UK populations (Cefas, unpublished 2004). Parameter values estimated in that work and used in this study were a=28.2061 and b=-0.33623 for females and a=33.1 and b=-0.4642 for males. Multiple egg extrusions between moults for larger animals have been reported by a number of authors (Aiken & Waddy, 1980; Campbell, 1983; Waddy & Aiken, 1986; Nelson et al., 1988a;b) and an estimate of 20% of ovigerous females extrude eggs more than once before moulting in the Bay of Fundy (Campbell, 1983). 

Non-moulters were assigned a notional moult month from which their spawning cycle was determined. Idoine (unpublished notes) suggested that in view of the fact that no somatic growth is occurring spawning for non-moulters takes place one month earlier than for single moulters. Although theoretically plausible and relatively implementable in the model we have retained the same spawning cycle relative to growth for both non- and single moulters at this stage. Spawning takes place three months after moulting (or nominal moult month for non-moulters) and the proportion of ovigerous animals is then transferred into a ‘berried’ component of the population, structured by, moult-month and length class as for the general population. Female lobsters remain ovigerous for nine months after which the eggs are hatched and the population numbers reassigned to the general population, where moulting will take place. The complete growth and reproductive cycle is thereby synchronised to one year.

Double moulters are small animals and, as they are clearly directing resources into growth, they are excluded from the spawning population during that calendar year. Once they exceed the size at which double moulting occurs, they are redistributed to the non- and single moulting components of the population and enter the potential spawning population.
A1a.2.2.3 Natural mortality

Natural mortality is separated into an annual rate and an instantaneous moulting mortality. The former is applied to both general and ‘berried’ components of the population in twelve monthly steps of equal magnitude. Additional moulting mortality may be applied to the population in the month when moulting takes place. As berried lobsters hatch off their eggs and are returned to the general population before moulting, they are also subject to this mortality. Within any month growth takes place before the catch is taken, so as the additional moult mortality is integral to the growth process it occurs before other mortalities (fishing and continuous natural mortality). Monthly natural mortality is applied together with monthly fishing mortality to estimate survivors and catch.
A1a.2.2.4 Fishing mortality

Fishing mortality is separable, consisting of a selection pattern at length and an F multiplier. The F multiplier is applied in twelve monthly steps with magnitude based on the monthly proportions of annual fishing effort observed in UK lobster fisheries. 

Exploitation pattern at length is input to the program. It consists of both trap selectivity and discard practice. With tight enforcement of MLS, it is convenient to consider it as knife-edged at the MLS. 

Cefas carries out routine annual stock assessments for lobsters using length based data collected from sampling landings. However, these landings based data do not permit an estimation of the selection pattern for undersized lobsters. For this study we therefore used length frequency data obtained from a Fishery Science Partnership (FSP) programme on crustacean fisheries in the Northumberland region (Lawler et al., 2007).  Data for the inshore areas (Whitley Bay, Druridge Bay and Newbiggin) were combined and the legal component (>=86mm, since the sample was available in 2mm length classes) raised (using length weight parameters) to average reported landings for the period 2008-2010. Length based VPA was carried out separately by sex to estimate exploitation patterns for the fishery including the undersized component of the catch. Parameters for these analyses were those currently used for routine lobster stock assessments (Table A1a.4).

Table A1a.4. Parameters for lobsters used in estimating exploitation patterns
		Parameter
	
	
	



	Female
	Male
	Source

	Weight length a
	0.001086
	0.000447
	Bannister et al. (1983)

	Weight length b
	2.896
	3.01
	Bannister et al. (1983)

	von Bertalanffy k
	0.1088
	0.0913
	Bannister et al. (1983)

	von Bertalanffy L∞
	168.71
	209.25
	Bannister et al. (1983)

	Natural mortality
	



	0.1
	0.1
	Best assumption on basis of current knowledge

	Plus group 
	130mm
	130mm
	Periphery of sampled length distributions

	Terminal exploitation rate
	0.941
	0.918
	Iteratively set until relative change is <=0.001



The standard length based VPA stock assessment uses a plus group of 130mm for this region which represents the periphery of the commercially sampled length distribution. The FSP data utilised here was limited to the inshore fishery and hence contained fewer large lobsters and some zero frequencies in the length classes near the plus group, especially for females. Fitting the VPA to these will tend to result in a domed and very noisy selection pattern with low exploitation rate on the largest lobsters. Whilst this could be a real effect representing spatial structure in the fishery it may also be an artefact caused by long term high exploitation rates and low numbers of large lobsters and truncating the plus group further to produce a more ‘flat topped’ selection pattern was considered preferable. The plus group was therefore reduced to 120mm for males and 110mm for females.

The FSP data were measured in 2mm length classes, whilst the simulation model uses 1mm length classes, so a loess smoother fitted with a span of 0.5 using the R function (written by B.D. Ripley and based on Cleveland et al., 1992) was applied to the estimated exploitation patterns to provide final selection curves for use in the simulation model.


Figure A1a.2.  Raised FSP inshore length data for the Northumberland lobster fishery


Figure A1a.3. Exploitation patterns used in the model. Red: females, blue: males, lines: loess smoothed exploitation pattern, circles: length based VPA estimates of exploitation pattern 
A1a.2.2.5 Starting population numbers

Idoine (unpublished notes) indicated a preference for a normal distribution or declining half of a normal distribution for the staring population, as opposed to a uniform distribution. We use an approximately normal distribution of initial population numbers (1012) in the classes 55-64 mm (Figure 4). Preferably, results should be robust to the distribution of starting population numbers and this could be explored through simulation if required.


Figure A1a.4.  Distribution of starting population numbers 

A1a.2.3 Experimental design

A base run was carried out using the parameters described above. Management regimes including changing the MLS, prohibiting the landing of ovigerous lobsters, V-notching of ovigerous and or under-sized lobsters and slot and maximum size limits, in various combinations, were then explored. Potential technical measures not evaluated in the present study include the implementation temporal fishery closures although t would be straightforward to include these options by adjusting temporal patterns of fishing effort. This model is not spatially structured, so spatial closures cannot be evaluated. 

Sensitivities explored included reducing the annual continuous natural mortality rate together with the introduction of a moult dependent mortality and changing the rate of V-notch implementation. 

Changes in the output metrics (yield, spawner and egg per recruit; YPR, SPR & EPR) for each alternative scenario were presented in relative terms for four alternative levels of fishing mortality (0.25, 0.5, 1.0 & 1.5).

In addition it is possible to explore the sensitivity to model parameterisation, for example using a uniform rather than normal distribution for initial population numbers and using alternative growth models, although we have not carried out further sensitivity analyses to date.  

Table A1a.5.  Experimental design and details of management options and biological/fishery assumptions implemented in the simulations 
	
	
	Alternative management measures
	Alternative biological/fishery assumptions

	Run
	Sex
	Berried ban
	Berried V-notch
	U/S V-notch
	MLS (mm)
	Slot limit (120-129mm)
	MaxLS (mm)
	Moult mortality
	Continuous natural mortality
	V-notch uptake

	1
	f
	-
	-
	-
	87
	-
	-
	-
	0.1
	n/a

	2
	f
	Yes
	-
	-
	87
	-
	-
	-
	0.1
	n/a

	3
	f
	Yes
	Yes
	-
	87
	-
	-
	-
	0.1
	100%

	4
	f
	-
	-
	Yes
	87
	-
	-
	-
	0.1
	100%

	5
	f
	Yes
	Yes
	Yes
	87
	-
	-
	-
	0.1
	100%

	6
	f
	-
	-
	-
	90
	-
	-
	-
	0.1
	n/a

	7
	f
	Yes
	-
	-
	90
	-
	-
	-
	0.1
	n/a

	8
	f
	Yes
	Yes
	-
	90
	-
	-
	-
	0.1
	100%

	9
	f
	-
	-
	Yes
	90
	-
	-
	-
	0.1
	100%

	10
	f
	Yes
	Yes
	Yes
	90
	-
	-
	-
	0.1
	100%

	11
	f
	-
	-
	-
	87
	-
	-
	0.07
	0.05
	n/a

	12
	f
	Yes
	-
	-
	87
	-
	-
	0.07
	0.05
	n/a

	13
	f
	Yes
	Yes
	-
	87
	-
	-
	0.07
	0.05
	100%

	14
	f
	-
	-
	Yes
	87
	-
	-
	0.07
	0.05
	100%

	15
	f
	Yes
	Yes
	Yes
	87
	-
	-
	0.07
	0.05
	100%

	16
	f
	-
	-
	-
	90
	-
	-
	0.07
	0.05
	n/a

	17
	f
	-
	-
	-
	87
	Yes
	-
	-
	0.1
	n/a

	18
	f
	Yes
	-
	-
	87
	Yes
	-
	-
	0.1
	n/a

	19
	f
	Yes
	Yes
	-
	87
	Yes
	-
	-
	0.1
	100%

	20
	f
	Yes
	Yes
	Yes 1
	87
	Yes
	-
	-
	0.1
	100%

	21
	f
	-
	-
	Yes 1
	87
	Yes
	-
	-
	0.1
	100%

	22
	f
	-
	-
	-
	87
	-
	130
	-
	0.1
	n/a

	23
	f
	Yes
	-
	-
	87
	-
	130
	-
	0.1
	n/a

	24
	f
	Yes
	Yes
	-
	87
	-
	130
	-
	0.1
	100%

	25
	f
	Yes
	Yes
	Yes
	87
	-
	130
	-
	0.1
	100%

	26
	f
	-
	-
	Yes
	87
	-
	130
	-
	0.1
	100%

	27
	f
	-
	-
	-
	87
	-
	120
	-
	0.1
	n/a

	28
	f
	Yes
	-
	-
	87
	-
	120
	-
	0.1
	n/a

	29
	f
	Yes
	Yes
	-
	87
	-
	120
	-
	0.1
	100%

	30
	f
	Yes
	Yes
	Yes
	87
	-
	120
	-
	0.1
	100%

	31
	f
	-
	-
	Yes
	87
	-
	120
	-
	0.1
	100%

	32
	f
	-
	-
	-
	90
	-
	120
	-
	0.1
	n/a

	33
	f
	-
	-
	-
	90
	-
	130
	-
	0.1
	n/a

	34
	f
	-
	-
	-
	90
	Yes
	-
	-
	0.1
	n/a

	35
	f
	Yes
	-
	-
	90
	Yes
	-
	-
	0.1
	n/a

	36
	f
	Yes
	Yes
	-
	90
	Yes
	-
	-
	0.1
	100%

	37
	f
	-
	-
	-
	87
	Yes
	-
	0.07
	0.05
	100%

	38
	f
	-
	-
	-
	87
	-
	130
	0.07
	0.05
	100%

	39
	f
	-
	-
	-
	87
	-
	120
	0.07
	0.05
	100%

	3b
	f
	Yes
	Yes
	-
	87
	-
	-
	-
	0.1
	75%

	3c
	f
	Yes
	Yes
	-
	87
	-
	-
	-
	0.1
	50%

	3d
	f
	Yes
	Yes
	-
	87
	-
	-
	-
	0.1
	25%

	3e
	f
	Yes
	Yes
	-
	87
	-
	-
	-
	0.1
	10%

	1m
	m
	-
	-
	-
	87
	-
	-
	-
	0.1
	n/a

	4m
	m
	-
	-
	Yes
	87
	-
	-
	-
	0.1
	n/a

	6m
	m
	-
	-
	-
	90
	-
	-
	-
	0.1
	n/a

	9m
	m
	-
	-
	Yes
	90
	-
	-
	-
	0.1
	n/a

	11m
	m
	-
	-
	-
	87
	-
	-
	0.7
	0.05
	n/a

	14m
	m
	-
	-
	Yes
	87
	-
	-
	0.7
	0.05
	n/a

	16m
	m
	-
	-
	-
	90
	-
	-
	0.7
	0.05
	n/a

	17m
	m
	-
	-
	-
	87
	Yes
	-
	-
	0.1
	n/a

	22m
	m
	-
	-
	-
	87
	-
	130
	-
	0.1
	n/a

	27m
	m
	-
	-
	-
	87
	-
	120
	-
	0.1
	n/a

	37m
	m
	-
	-
	-
	87
	Yes
	-
	0.7
	0.05
	n/a

	38m
	m
	-
	-
	-
	87
	-
	130
	0.7
	0.05
	n/a

	39m
	m
	-
	-
	-
	87
	-
	120
	0.7
	0.05
	n/a


1: Operational constraints in the program code mean that in this scenario all discards, both undersized and in the protected slot limit are V-notched

A1a.3 Results and discussion
A1a.3.1 General situation and comparison with annual stock assessments

Per recruit curves for both sexes generated for base runs (Figure A1a.5) were broadly similar to those produced in annual stock assessments for the same area (i.e. Northumberland & Durham) in 2010 (Figure A1a.6). F maximum yield per recruit is around 0.2 of current F, slightly lower than estimated in the annual stock assessment, which would be expected since the F pattern for these simulations used inshore data. while the stock assessment uses data for a wider area. Yield per recruit plateaus between 500-600g in the simulation model and between 400-500g for females in the annual stock assessments, with corresponding figures for males being 400-500g and 300-400g. This reflects differences in fishing mortality and growth rates between the models and possibly indicates that the growth model used in the simulations produces faster growth (parameters for H. americanus were used to model moult frequency).  

Relative spawner and egg per recruit decline very similarly within each model run, with the simulation model (Figure A1a.5) showing a higher rate of decline than the annual stock assessment (Figure A1a.6). Again this is likely to reflect a higher exploitation rate for the inshore fishery that for the area as a whole (as represented by the annual stock assessment).

The overall perception is therefore relatively consistent and in both cases and for both sexes is of significant growth overfishing (F is well above Fmax i.e. F for maximum YPR) and of very low levels of relative spawning potential.

	
	


Figure A1a.5. Spawner, egg and yield per recruit curves for the model base run, left: females, right males 

	
	


Figure A1a.6. Yield (male: blue, female: red), spawner and egg per recruit curves (male: blue. Female: red, Female EPR: red dotted) for the Northumberland and Durham lobster fishery assuming M= 0.1 with lines indicating reference levels (Fsq, 35%, 25% and 10% of virgin SPR and EPR), Cefas (2010)
A1a.3.2 Comparative benefits of alternative management measures

Yield per recruit curves for a range of scenarios for females (Figure A1a.7) and males (Figure A1a.8) provide an indication of long term yield for the fishery (without accounting for potential changes in recruitment). Corresponding spawner and egg per recruit curves (Figures A1a.9 and A1a.10) are provided as an indication of potential changes in spawning potential. Scenarios 1-10 examine the impact of technical measures, including prohibition on the landing of ovigerous lobsters, V-notching of ovigerous and/or undersized lobsters and changing the minimum landing size.  Measures are considered both in isolation and in combination and comparisons (Tables A1a.6 & A1a.7) are relative to the status quo baseline scenario. Results of additional simulations, carried out subsequently, to examine the implications of slot and maximum size limits on both yield and spawning potential per recruit are presented, together with the above results, for females (Figure A1a.11 and Table  A1a.6) and males (Figure A1a.12 & Table A1a.7). Graphical presentations (Figures A1a.11 & A1a.12) are for a subset of simulations. 
A1a.3.2.1 Impacts on yield per recruit

At current fishing mortality levels (i.e. F multiplier =1.0) increasing technical conservation regulations would provide for small to moderate benefits in yield per recruit. For females, prohibition on the landing of berried females provided a small yield per recruit gain (2.0%), and this measure in conjunction with V-notching of berried females increased YPR slightly more (2.2%). V-notching undersized lobsters resulted in more substantial YPR gains (6.2%), whilst a slot size (120-129mm) had no effect and maximum size limits (120mm or 130mm) had small negative impacts (-0.7% and -0.1%, respectively) on yield per recruit. Increasing the MLS from 87mm to 90mm resulted in a 4.6% gain in YPR.

Combinations of measures often proved synergistic (the combined effect is greater than the sum of the component effects) at current fishing mortality, for example, a ban on landing berried lobsters together with V-notching of both berried and undersized lobsters resulted in a YPR gain of 8.6% as opposed to 8.4% (2.2+6.2) and increasing MLS from 87 to 90mm and V-notching undersized resulted in a gain in YPR of 12.5% rather than 10.8% (4.6+6.2). 

Size limits on larger lobsters (slot and/or maximum size limits) had minimal or small negative effects on YPR at current fishing mortality, because few lobsters survive to be impacted by these measures and the effect of protecting large lobsters (sometimes permanently) from capture reduces yields because even if/when recaptured growth rate has slowed and gains are therefore less pronounced than for smaller lobsters. Although combinations of these and other measures resulted in significant YPR gains, they tended to be equivalent to or less than the single effect of the other measure, for example: slot size limit and V-notching discards (6.2%) and 120mm MaxLS and V-notching discards (4.8%) while V-notching discards alone was 6.2% and slot size limit and increase in MLS (4.6%) and 120mm MaxLS and increase in MLS (3.7%) while increase in MLS alone was 4.6%.  The higher maximum size limit of 130mm had less effect than the 120mm limit as fewer individuals in the population survive to this larger size. 

Scenarios relating to ovigerous females (i.e. banning landing and V-notching ovigerous females) are not relevant for males, whilst the impacts of V-notching under-sized lobsters or increasing the MLS to 90mm resulted in YPR gains for males (8.5% and 6.0% respectively) that were slightly higher, but similar to the female results (6.2% and 4.6%, respectively), with V-notching undersized slightly outperforming the increase in MLS for both sexes (Figures A1a.8 & A1a.9,Tables A1a.6 & A1a.7). 

The implications of applying a berried ban and V-notching options in addition to an increase in MLS are very similar (lower left panels of Figures A1a.7 & A1a.8 and Table A1a.6). At current levels of fishing mortality increasing the size limit and imposing a ban on landing ovigerous females increased yield per recruit by 7.1%, and V-notching of berried females in addition to these measures resulted in the same gain. Increasing MLS and V-notching undersized lobsters resulted in a 12.5% increase in YPR, while combining all these technical measures gave a 14.0% increase in YPR for females. Increasing the MLS to 90mm and V-notching under-sized males resulted in male YPR gains of 15.3%, slightly higher than for females, most likely resulting from slightly higher growth rates for males.  

At higher levels of fishing pressure (e.g. F multiplier = 1.5, Figures A1a.7 & A1a.8; Tables A1a.6 & A1a.8) the technical measures show benefits that have the same rank, with slightly wider range in comparison to the status quo fishing level, but they imply reductions in yield per recruit for the baseline and scenarios involving only banning landing or V-notching ovigerous females, and lower gains for all scenarios that do not include V-notching of undersized. When V-notching of undersized lobsters is applied gains in YPR are slightly higher at this higher level of F for females, but still lower than those corresponding to reduced levels of fishing pressure. This increasing YPR with higher fishing mortality when V-notching under-sized lobsters was investigated further and although unintuitive found to be a consistent effect. At very high fishing mortality the catch of under-sized lobsters, which are subsequently V-notched and protected for 2 moults, is very high, thereby imparting a higher level of protection to them than had they entered the fishery sooner at somewhat lower levels of fishing mortality.

At lower levels of fishing mortality the rank of the effects due to technical measures changes, with scenarios involving both prohibition on landing berried lobsters and V-notching of berried lobsters together, showing less increase in yield per recruit at lower levels of fishing mortality.  Increasing MLS to 90mm resulted in higher absolute maxima of yield per recruit for both sexes, while additional technical measures (such as banning landing of berried females and V-notching of undersized) resulted in higher yields with less reduction in the fishing mortality multiplier, but similar overall maxima for yield per recruit (i.e. there is a trade off between applying additional fishing mortality constraints or additional technical measures). The synergistic effects of measures seen at current and higher fishing mortalities is reduced or lost at lower fishing mortalities, because a single individual may be receiving protection from a number of different measures. Slot and maximum size limits have little effect on YPR at current and higher mortalities and the slot size measure produces similar YPRs to the base run for males at lower fishing mortalities, while YPR is slightly lower than the base run for females. Thus gains in growth are offset by losses in numbers and the effects are broadly equivalent.  However, the maximum size limits result in YPR reductions at lower fishing mortalities, both relative to status quo and other measures at lower Fs. This is because at lower Fs more animals survive to reach these sizes and are then permanently protected from capture and removed from the yield.    

 

Figure A1a.7. Yield per recruit curves under various management and natural mortality regimes for female lobsters


Figure A1a.8. Yield per recruit curves under various management and natural mortality regimes for male lobsters (Scenarios relating to ovigerous females [2, 3, 5, 7, 8, 10, 12, 13, 15] inapplicable)
A1a.3.2.2 Impacts on spawning potential 

At current fishing mortalities substantial increases in relative egg production can be achieved by the introduction of technical measures (Figure A1a.9 and Table A1a.6). This is particularly the case for measures directly impacting on mature females, with prohibition on the landing of ovigerous females (circa 200% increase) and V-notching of ovigerous females (c. 400% increase) resulting in bigger increases in relative egg per recruit than V-notching of under-sized (c. 100% increase) or increasing the MLS (c. 50% increase), although the latter also have substantial effects. A slot size limit (120-129mm) had little effect (7% increase, as did maximum size limits with 6% and 38% increases for 130mm and 120mm maximum size limits, respectively. Combinations of measures generally had synergistic effects at current or higher fishing mortalities, but synergies diminished as F was reduced. Scenarios involving a change in the MLS or V-notching of under-sized lobsters resulted in small increases to the mature biomass (SPR) for males (Figure A1a.10 and Table A1a.6) and this result appeared to hold over most levels of fishing mortality. This reflects the earlier maturation of males, almost all of which are mature by entry to the fishery. Sperm limitation is generally not considered a problem for lobster fisheries due to this earlier maturation and reasonably equal as sex ratios, however, management aimed only at protecting females could in time result in more uneven exploitation between sexes. 

At higher fishing mortality levels (i.e. F multiplier = 1.5), most of the technical measures still result in higher EPR relative to the status quo situation, with the exception of the MLS increase where there is a slight decrease and the slot and maximum size limits which show minimal differences from the baseline scenario, because at high fishing mortality very few lobsters survive to obtain these protections.

At significantly lower levels of fishing mortality (e.g. Fmult = 0.5), EPR rises significantly, but the technical measures still have substantial effects, with those directly applied to ovigerous females again resulting in the higher gains in relative EPR compared with those relating to the MLS. However, at lower fishing mortalities the impacts of maximum size limits become highly influential, resulting in large gains in spawning potential relative to the current situation and other scenarios. With an Fmult of 0.5 the maximum size limit of 130mm results in spawning potential gains similar to that of a berried ban, whilst the 120mm MaxLS provides substantially greater gains in spawning potential (Figure A1a.11 and Table A1a.6). This gains in spawning potential are apparent for both sexes, but more marked for males, where at Fmult = 0.5 a MaxLS of 120mm results in mature male biomass of around 20% Virgin compared with 5% for most other scenarios (Figure A1a.12 and Table A1a.7).  


Figure A1a.9. Relative (% of virgin) egg per recruit curves under various management and natural mortality regimes for female lobsters



Figure A1a.10. Relative (% of virgin) spawner per recruit curves under various management and natural mortality regimes for males (Scenarios relating to ovigerous females [2, 3, 5, 7, 8, 10, 12, 13, 15] inapplicable)


Figure A1a.11. Yield (left) and % virgin egg (right) per recruit curves for the base run and a range of additional alternative technical measures applied in isolation: 1-blue: base run, 2-red: berried ban, 3-green: berried ban and V-notching berried, 4-purple: V-notching undersized, 17-pale green: slot size limit (prohibition on landing 120-129mm), 6-orange: 90mm MLS, 22-pale blue: 130mm maximum LS, 27 mauve: 120mm maximum LS

Figure A1a.12. Yield (left) and % virgin mature biomass (right) per recruit curves for the base run and a range of additional alternative technical measures for male lobsters: blue: base run, purple: V-notching undersized, pale green: slot size limit (prohibition on landing 120-129mm), orange: 90mm MLS, pale blue: 130mm maximum LS, mauve: 120mm maximum LS

Table A1a.6. Relative change in long term yield and egg production (per recruit) implied by changes in fishing mortality and combinations of technical measures compared with the status quo situation for female lobsters
	Management option \ 
                                    
Relative fishing pressure  (F multiplier) ->
	Change relative to status quo (%)

	
	YPR
	EPR

	
	0.25
	0.5
	1.0
	1.5
	0.25
	0.5
	1.0
	1.5

	1
	Baseline
	14.0
	6.7
	0.0
	-2.5
	932
	245
	0
	-44

	2
	Ban on landing ovigerous females
	14.4
	9.5
	2.0
	-1.2
	1739
	676
	186
	62

	3
	Ban on landing ovigerous and V-notching ovigerous
	8.7
	7.5
	2.2
	-0.8
	2209
	1037
	379
	178

	4
	V-notching of undersized
	14.8
	9.4
	6.2
	6.7
	998
	342
	115
	80

	5
	Ban on landing ovigerous and V-notching ovigerous and undersized
	9.5
	10.3
	8.6
	8.3
	2339
	1277
	730
	555

	6
	Increasing MLS from 87mm to 90mm
	16.5
	10.4
	4.6
	2.6
	1037
	320
	47
	-6

	7
	Increasing MLS from 87mm to 90mm and ban on landing ovigerous
	16.8
	13.5
	7.1
	4.3
	1905
	820
	291
	147

	8
	Increasing MLS from 87mm to 90mm, ban on landing ovigerous and V-notching ovigerous
	10.6
	11.0
	7.1
	4.8
	2413
	1239
	547
	316

	9
	Increasing MLS from 87mm to 90mm and V-notching of undersized
	17.3
	13.6
	12.5
	14.7
	1130
	465
	229
	199

	10
	Increasing MLS from 87mm to 90mm, ban on landing ovigerous, V-notching ovigerous and undersized
	11.4
	14.1
	14.0
	14.2
	2586
	1549
	981
	771

	17
	Slot size limit -prohibition on landing 120-129mm
	12.4
	6.5
	0.0
	-2.5
	1170
	311
	7
	-43

	18
	Ban on landing ovigerous and 120-129mm slot size limit
	11.6
	8.7
	1.9
	-1.3
	2058
	811
	214
	71

	19
	Ban on landing ovigerous, V-notching ovigerous and 120-129mm slot size limit 
	5.4
	6.1
	1.7
	-1.0
	2518
	1198
	437
	205

	20
	Ban on landing ovigerous, V-notching ovigerous and discards and 120-129mm slot size limit (1)
	3.8
	6.8
	6.6
	6.7
	2813
	1598
	930
	713

	21
	Slot size limit -prohibition on landing 120-129mm and V-notching of discards (1)
	13.1
	9.1
	6.2
	6.7
	1250
	426
	129
	83

	22
	Maximum size limit 130mm
	0.0
	4.3
	-0.1
	-2.5
	1572
	361
	6
	-43

	23
	130mm MaxLS and ban on landing ovigerous
	-9.4
	2.3
	1.0
	-1.5
	2741
	995
	231
	73

	24
	130mm MaxLS, ban on landing ovigerous and V-notching ovigerous
	-15.8
	-3.8
	-1.6
	-2.6
	3218
	1513
	540
	254

	25
	130mm MaxLS, ban on landing ovigerous and V-notching ovigerous and undersized
	-16.4
	-3.4
	1.9
	3.7
	3404
	1853
	1016
	749

	26
	130mm MaxLS and V-notching of undersized
	0.0
	6.4
	5.9
	6.6
	1677
	488
	127
	81

	27
	Maximum size limit 120mm
	-12.5
	-0.3
	-0.7
	-2.6
	2305
	631
	38
	-39

	28
	120mm MaxLS and ban on landing ovigerous
	-23.8
	-5.8
	-1.1
	-2.1
	3545
	1446
	347
	109

	29
	120mm MaxLS, ban on landing ovigerous and V-notching ovigerous
	-28.9
	-12.3
	-5.3
	-4.4
	3944
	1986
	743
	354

	30
	120mm MaxLS, ban on landing ovigerous and V-notching ovigerous and undersized
	-30.2
	-13.7
	-5.1
	-2.0
	4170
	2429
	1406
	1069

	31
	120mm MaxLS and V-notching of undersized
	-13.4
	0.5
	4.8
	6.3
	2457
	830
	196
	98

	32
	Increasing MLS from 87mm to 90mm and 120mm MaxLS
	-12.5
	2.0
	3.7
	2.4
	2540
	780
	100
	2

	33
	Increasing MLS from 87mm to 90mm and 130mm MaxLS
	1.2
	7.5
	4.5
	2.6
	1738
	459
	55
	-6

	34
	Increasing MLS from 87mm to 90mm and 120-129mm slot size limit
	14.8
	10.1
	4.6
	2.6
	1297
	399
	56
	-5

	35
	Increasing MLS from 87mm to 90mm, ban on landing ovigerous and 120-129mm slot size limit
	13.7
	12.6
	7.0
	4.3
	2253
	978
	331
	160

	36
	Increasing MLS from 87mm to 90mm, ban on landing ovigerous, V-notching ovigerous and 120-129mm slot size limit
	7.0
	9.4
	6.5
	4.5
	2749
	1428
	624
	355


Negative values in red and italicised
1: Operational constraints in the program code mean that in this scenario all discards, both undersized and in the protected slot limit are V-notch

Table A1a.7. Relative change in long term yield (YPR) and mature biomass (SPR) for male lobsters implied by changes in fishing mortality and combinations of technical measures compared with the status quo situation (Scenarios relating to ovigerous females  inapplicable)
	Management option \ 
                                    
Relative fishing pressure  (F multiplier) ->
	Change relative to status quo (%)

	
	YPR
	EPR

	
	0.25
	0.5
	1.0
	1.5
	0.25
	0.5
	1.0
	1.5

	1
	Baseline
	26.6
	13.3
	0.0
	-4.9
	607
	171
	0
	-39

	4
	V-notching of undersized
	28.8
	18.4
	8.5
	5.5
	646
	223
	55
	12

	6
	Increasing MLS from 87mm to 90mm
	30.4
	18.6
	6.0
	1.2
	663
	211
	25
	-21

	9
	Increasing MLS from 87mm to 90mm and V-notching of undersized
	32.8
	24.3
	15.3
	12.4
	710
	273
	90
	40

	17
	Slot size limit -prohibition on landing 120-129mm
	26.9
	14.3
	0.4
	-4.8
	722
	222
	11
	-36

	22
	Maximum size limit 130mm
	-20.8
	-3.7
	-2.4
	-5.3
	1618
	560
	58
	-28

	27
	Maximum size limit 120mm
	-34.0
	-13.1
	-5.3
	-6.2
	2016
	841
	147
	-3


Negative values in red and italicised
A1a.3.2.2 Sensitivity to natural mortality regime 

Natural mortality rates are poorly quantified for many species and crustaceans are no exception to this. Lobsters are of moderately size and longevity and also well armoured and aggressive animals. The annual rate of natural mortality is generally thought to be in the region of 0.1 and in the absence of meaningful data this constant is often used for all sizes.  However, crustaceans grow by moult, which requires shedding the old exoskeleton and expanding in size whilst the new exoskeleton is soft. At such times crustaceans are very vulnerable to predation and possibly also to parasitisation. It is therefore possible and indeed likely that natural mortality may be related to the occurrence of moulting, which would introduce size structuring as moult frequency declines with increasing size and age. Some simulations were therefore carried out using an alternative mortality regime where natural mortality consists of some continuous mortality and another component linked with moulting. For these simulations rates were set as continuous mortality 0.05 and mortality occurring at moult 0.07.  Although implying a similar overall mortality rate these simulations are not directly comparable with those using continuous natural mortality, but rather provide an alternative evaluation of the implications of management under different assumptions.

Under these assumptions, the yields (per recruit) were slightly reduced in absolute terms, but the relative performance of the different management options in terms of both yield and spawning potential was very similar to the those for continuous natural mortality that was constant over size (Scenarios 11-16 in Figures A1a.7-A1a.10 and Tables A1a.8 & A1a.9). 

Table A1a.8. Relative change in yield and egg production per recruit for female lobsters when natural mortality varies with moult frequency (and therefore size)
	
	Management option \ 
                                    
Relative fishing pressure  (F multiplier) ->
	Change relative to status quo (%)

	
	
	YPR
	EPR

	
	
	0.25
	0.5
	1.0
	1.5
	0.25
	0.5
	1.0
	1.5

	11
	Baseline with moult dependent natural mortality
	16.1
	6.8
	0
	-2.4
	890
	231
	0
	-41

	12
	Ban on landing ovigerous females
	19.0
	10.2
	2.0
	-1.2
	1708
	647
	180
	62

	13
	Ban on landing ovigerous and V-notching ovigerous
	14.5
	9.6
	2.8
	-0.4
	2349
	1080
	396
	191

	14
	V-notching of undersized
	16.9
	9.4
	5.6
	5.9
	952
	324
	113
	82

	15
	Ban on landing ovigerous and V-notching ovigerous and undersized
	15.6
	12.6
	9.2
	8.2
	2488
	1329
	753
	571

	16
	Increasing MLS from 87mm to 90mm
	18.8
	10.4
	4.3
	2.2
	992
	304
	47
	-4

	37
	Slot size limit 120-129mm
	14.8
	6.5
	0.0
	-2.3
	1135
	296
	6
	-41

	38
	Maximum size limit 130mm
	0.3
	4.0
	-0.1
	-2.3
	1889
	401
	8
	-41

	39
	Maximum size limit 120mm
	-12.3
	-0.4
	-0.6
	-2.4
	2957
	784
	52
	-35


Negative values in red and italicised

Table A1a.9. Relative change in yield and egg production per recruit for male lobsters when natural mortality varies with moult frequency (and therefore size). (Scenarios relating to ovigerous females inapplicable)
	
	Management option \ 
                                    
Relative fishing pressure  (F multiplier) ->
	Change relative to status quo (%)

	
	
	YPR
	EPR

	
	
	0.25
	0.5
	1.0
	1.5
	0.25
	0.5
	1.0
	1.5

	11
	Baseline with moult dependent natural mortality
	29.5
	12.9
	0.0
	-4.5
	603
	163
	0
	-37

	14
	V-notching of undersized
	31.7
	17.7
	7.5
	4.5
	642
	213
	53
	13

	16
	Increasing MLS from 87mm to 90mm
	33.4
	17.9
	5.4
	0.9
	659
	202
	24
	-19

	37
	Slot size limit 120-129mm
	31.3
	14.4
	0.4
	-4.4
	722
	213
	10
	-34

	38
	Maximum size limit 130mm
	-20.8
	-3.9
	-2.3
	-4.9
	2284
	774
	88
	-21

	39
	Maximum size limit 120mm
	-33.9
	-13.0
	-5.0
	-5.7
	2890
	1198
	219
	16


Negative values in red and italicised
A1a.3.2.3 Sensitivity to uptake levels of V-notching

The main effect of this option was evaluated for scenario 3 (Ban on landing ovigerous females and V-notching of females). Results for four interim levels of V-notching take up were evaluated (0.1, 0.25, 0.5, & 0.75) and presented (Figure A1a.13) together with results for the base run (status quo situation), scenario 2 (ban on landing ovigerous females without any V-notching) and scenario 3 (ban on landing ovigerous females with V-notching of all berried females).


Figure A1a.13. Scenarios exploring the impact on YPR and % virgin EPR of different levels of voluntary V-notching take up in the fleet. Scenarios include: 1: baseline, 2: ban on landing ovigerous females, 3: ban on landing ovigerous females and full V-notching of ovigerous females, 3b-3e: ban on landing ovigerous females and V-notching of ovigerous females by 0.75, 0.5, 0.25, and 0.1 of the fleet, respectively

Results for scenarios 2 and 3 (berried ban with and without V-notching of ovigerous females) are identical in terms of YPR at Fsq, so all interim levels of V-notching also imply this result. At lower levels of fishing mortality, maximum yield per recruit can be increased sequentially as the levels of V-notching are reduced, i.e. removing the additional protection permits absolute levels of YPR to be increased.

At current F, introducing a berried ban increases spawning potential just under threefold and additionally V-notching all ovigerous lobsters captured increases spawning potential almost fivefold. The different rates of V-notching take up fall intermediate to these results (Table A1a.10), with the effects of V-notching ovigerous females on relative spawning potential increasing as fishing effort is reduced.

Table A1a.10. Relative change in long term yield and egg production (per recruit) implied by changes in fishing mortality, banning landing of ovigerous females and different levels of V-notching of ovigerous female lobsters
	Management option \ 
                                    
Relative fishing pressure  (F multiplier) ->
	Change relative to status quo (%)

	
	YPR
	EPR

	
	0.25
	0.5
	1.0
	1.5
	0.25
	0.5
	1.0
	1.5

	1
	Baseline
	14.0
	6.7
	0.0
	-2.5
	932
	245
	0
	-44

	2
	Ban on landing ovigerous females
	14.4
	9.5
	2.0
	-1.2
	1739
	676
	186
	62

	3
	Ban on landing ovigerous and V-notching all ovigerous females captured
	8.7
	7.5
	2.2
	-0.8
	2209
	1037
	379
	178

	3b
	Ban on landing ovigerous and V-notching of ovigerous females captured by 75% of the fleet
	10.0
	8.1
	2.2
	-0.8
	2108
	964
	347
	163

	3c
	Ban on landing ovigerous and V-notching of ovigerous females captured by 50% of the fleet
	11.4
	8.6
	2.2
	-0.8
	1996
	881
	306
	142

	3d
	Ban on landing ovigerous and V-notching of ovigerous females captured by 25% of the fleet
	12.8
	9.1
	2.2
	-0.9
	1874
	785
	253
	109

	3e
	Ban on landing ovigerous and V-notching of ovigerous females captured by 10% of the fleet
	13.7
	9.4
	2.1
	-1.1
	1795
	721
	215
	83


Negative values in red and italicised
A1a.4 Conclusions

This study has focused on evaluating the implications of potential alternative management measures on lobster yield and spawning potential per recruit, but the detail included in the model permits the evaluation of other aspects relating to seasonality. Clearly, results are dependent on the model parameterisation and data supporting the quantification of temporally disaggregated parameters are often weak or unavailable. In this case study, sensitivity analyses have been limited to an investigation of the impact of an alternative natural mortality regime, but further sensitivity analyses to evaluate the robustness of results to other variables would also be useful. For example the model is likely to be sensitive to timing of spawning and the timing of highest fishing mortality. However, it is difficult to obtain sufficient data to fully parameterise the complex biological and behavioural models and in the absence of good parameters sets modelling should be carried out and considered on a broad scale in order to provide more robust results.

This type of model does not track individual lobsters with regards to spawning and that this could have implications if berried lobsters show different activity and therefore catchability patterns. Individually based models would provide another approach to modelling the complex biological, behavioural and fishery interactions of crustaceans.

The parameterisation followed has been to set up the model to replicate a heavily exploited (inshore) type of lobster fishery that is typical around many parts of the UK (England) coast and is characterised by intensive exploitation of lobsters immediately they grow into the fishery. 

The main general findings from the scenarios implemented are:
The overall perception of stock status implied by this detailed model was consistent with that of Cefas annual stock assessments (Cefas, 2010) at the time of this work and for the area from which the exploitation pattern was estimated; indicating growth overfishing, with current fishing mortality well above Fmax and very low levels of relative spawning potential (% vigin EPR & % virgin SPR). However, on the basis of a recent review of historical data, Cefas has modified the level of natural mortality used as default for assessment of lobsters from 0.1 to 0.15, so more recent assessments will differ.
At current fishing mortality levels the introduction of technical measures could provide small to moderate gains in long term yield, in the range of 2-10%, with combinations of technical measures usually implying synergistic effects.
Measures relating to the MLS had a greater impact on yield per recruit gains at Fsq than measures relating to ovigerous females, with prohibition on landing of ovigerous females (2% increase), prohibition on landing of ovigerous females and V-notching of ovigerous females (2.2% increase), V-notching of under-sized (6.2% increase) and increasing the MLS to 90mm (4.6% increase). At current fishing levels slot and maximum size limits had minimal impact, as few lobsters survive to be protected by these measures.
Higher levels of fishing mortality imply lower yields for scenarios involving no new technical measures and for the prohibition of landing ovigerous females and V-notching ovigerous females, but small to moderate gains in relative long term yield can occur for scenarios relating to the MLS and combinations of several technical measures.
At lower levels of fishing mortality long term yields (per recruit) are significantly increased, and the positive impact of technical measures on yield becomes less as fishing mortality is further reduced. There is a trade off in gains in yield due to reducing fishing level and the introduction further technical measures. 
At current fishing mortality levels the introduction of technical measures can result in substantial increases in spawning potential. Measures relating directly to ovigerous females produce larger spawning potential gains than measures related to the MLS, with prohibition on landing of ovigerous females (circa 200% increase), prohibition on landing of ovigerous females and V-notching of ovigerous females (c. 400% increase), V-notching of under-sized (c. 100% increase) and increasing the MLS to 90mm (c. 50% increase).
Maximum size limits always result in reductions in yield, small at current and high levels of fishing, but significant at lower fishing levels. However, at lower fishing levels maximum size limits can provide large gains in spawning potential.
The relative effects of the different management measures were generally similar when an alternative natural mortality regime with a size structured mortality related to moulting was implemented, implying these results were broadly robust to uncertainty in natural mortality of this type and scale.
At current levels of fishing mortality, uptake rates for voluntary of V-notching ovigerous females had minimal effects on yield per recruit, but resulted in sequential increases in spawning potential in the range of just under threefold for a berried ban with no V-notching to just under fivefold with full V-notching of ovigerous females.
Results on spawning potential derived from per recruit models have limitations because relationships between stock and recruitment (which are frequently poorly understood or unknown) are not taken into account and the shape of these relationships will strongly influence both yield and sustainability (Bannister & Addison, 1986).
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Appendix 1b. Reviews of European lobster (Homarus gammarus) and edible crab (Cancer pagurus) growth data and parameters

A1b.1 Introduction

This brief review has been carried out under Defra funded R & D project MF1204 with two aims: 1) to bring together as much information as possible on growth parameters for lobsters and crabs in order to support modelling studies carried out in this and subsequent projects and 2) to provide a baseline for comparison with growth parameters obtained from recent Defra funded projects that used lipofuscin concentrations as a basis for ageing lobsters and crabs.

Continuous growth models (e.g. Bertalanffy, 1938) are thought to be representative of average population growth by crustaceans and provide a reasonable basis for conversion of length to age for stock assessment. However, on an individual basis crustacean growth is discontinuous and this has implications for the reproductive cycle as well as potentially influencing natural mortality and catchability. There are therefore compelling reasons to model discontinuous growth explicitly in order to evaluate its implications and ground truth models using conventional continuous growth assumptions. Nonetheless continuous growth models are still a requirement for many ‘standard’ length-structured stock assessment approaches that use growth equations to convert length distributions in age distributions, so both continuous and discontinuous models are considered.

Data on both moult frequency (or intermoult period) and moult increment are required if discontinuous growth is be realistically modelled. Determination of both of these parameters is complicated by a number of factors. Both vary with the age or size of the individual; in general, moult frequency is higher in the younger stages declines with age. There can be marked differences between the sexes with respect to both parameters and environmental factors including food availability, appendage loss (Bennett, 1973) and ambient temperature may also affect the size of the moult increment and the frequency of moults (Shelton & Belchier, 1995). Sampling and experimental methodologies are not straightforward, with aquarium experiments often not truly representative of the wild situations and tagging studies difficult for animals that moult with tag loss and reporting rates potentially biasing estimates of moult frequency and/or increment. Growth data for crustaceans are therefore often limited and the very high unit price for lobsters tends to constrain the potential for experimental work on them. 

In general terms, data on moult increment tend to be more available and better defined than data on moult frequency, because each observation of a moult provides a data point, whereas moult frequency involves examination or modelling of proportions of the population moulting, so multiple observations are required to provide a reliable  estimate at each size. Observations of moulting are particularly lacking for larger animals as intermoult duration becomes extended, requiring long-term experiments, with increased costs and potential for introduction of biases (e.g. through low return rates, tag loss or mortality). Thus as Fogarty (1995) surmises the high intermoult period (low moult frequency) for large crustaceans makes defining the upper portion of growth curves (whether discontinuous or continuous) exceedingly difficult.
 
A1b.2 European  lobsters (Homarus gammarus)

The size of lobsters is generally measured as carapace length (CL) or more precisely orbital carapace length (OCL), which is used by some authors. These terms are equivalent and interchangeable within this text. 

Thomas (1958) graphically presented data on moult increment for around 50 male and 60 female lobsters (Table 1). He found that relative increase in carapace length decreased approximately linearly with increasing size for lobsters sampled off Berwickshire. The relative increment tended to be slightly larger for males (circa 15% carapace length) and decreased less rapidly (with size) for males than for females. It was suggested that few 9” lobsters moulted twice annually and that males of 10-11 inches moulted once per year, while females of this size moulted once annually if immature, but had a 2-year intermoult period once mature. Both moult increment and intermoult period could be reduced at the onset of sexual maturity in females. Thomas (1958) presented his data graphically, but did not detail the parameters of the fitted regression lines. The methodology used in this study consisted of punching markings on the tail fan of the lobster to indicate its length and checking these against length on recapture for moulted animals. No continuous growth model parameters were fitted.

Simpson (1961) used a similar tail punching regime to mark lobsters off Cardigan in Wales and obtained 41 returns (27 females and 14 males) that had moulted, presenting tabulated details of these data. Of these, 3 were considered to represent double moults, with the remainder suggesting relative increase in carapace length declined slightly with increasing length for females, but less so for males with a near horizontal regression line. Simpson compared his moult increment data for Homarus gammarus with those of a number of other authors for other regions of Europe (Thomas, 1958, Scotland; Dannevig, 1936, Norway) noting that the moult increments were greater in Wales than southern Norway, but lower than in Scotland.  He also compared his estimates with those of some authors for H. americanus.  All the data presented indicated a declining relationship between percentage increase in carapace length against premoult size.

Hepper (1967) summarised and graphically presented moult increment data from Cornwall and Yorkshire (for around 100 lobsters in each area) obtained using a similar tail punching regime, concluding that there was no difference between areas and that ‘arithmetic’ growth with a mean increment of 8.4mm adequately described growth of female lobsters over a small range around 85mm, but would be inaccurate over a wider size range, while male growth could be described by adding a constant 9.8mm over the range of 68-123mm carapace length. However, regression analyses in this paper indicated significant decreasing relationships between percentage moult increment and increasing size in both areas and for both sexes. Hepper (1967) used the classification of Kurata (1962) where progressive growth is defined by progressively larger absolute increments at each moulting, arithmetic growth, where increments are constant and regressive growth where increments become smaller with successive moults. No continuous growth models were estimated.

Hepper (1978) further analysed data included in his 1967 and 1972 manuscripts as well as including data from Simpson (1961).  Data included in these analyses were obtained from tail punching, claw tagging and aquarium experiments. He presented information on moult increment, a log-log linear relationship for intermoult period and a range of von Bertalanffy growth parameters. He suggested arithmetic growth for lobsters and summarises estimates for mean increments at moulting for lobsters of 80mm obtained by a number of authors (Table A1b.2). Two relationships for intermoult period were suggested, the second excluding data for seven male lobsters with intermoult periods greater than 600 days as it was thought moulting may have been inhibited by the aquarium environment. 

Hewett (1974) collected data over a period of 15 years for almost 200 moults of lobsters ranging from 1g to 1200g in weight and kept in aquaria at constant temperature. He suggested that for adequately fed lobsters moult increment in weight was a constant proportion of premoult weight and that variation in growth was attributable to changing moult frequency, which was mainly dependent on environmental temperatures, although he presented a an increasing linear relationship for log intermoult period against the cube  root of weight. Hewett calculated a von Bertalanffy growth curve for carapace length at age, which showed slower growth than curves he presented for Irish lobsters in the wild based on Gibson (1967) and American lobsters in captivity based on Hughes & Matthiessen (1962).

Bennett et al. (1978b) compared growth between lobsters in Norfolk and Yorkshire and suggested that there was no difference in moult increment between areas, but moult frequencies suggested that rather than being stunted, the growth of Norfolk lobsters was at least the same, if not greater than Yorkshire lobsters. Bennett et al (1978) tagged around 750 lobsters off Norfolk and around 1000 off Yorkshire, obtaining growth data for around 100 and 140 animals in each area respectively. No continuous growth models were presented in this manuscript.  These results are based on lobster tagging experiments documented briefly in MAFF DFR fisheries notices published in 1977 and 1978 (Bennett et al., 1977; 1978b).

Bannister et al. (1983) carried out stock assessments for lobster fisheries around the UK (E & W) coast.  They used growth parameters similar to those of Anon. (1979), based on analysis of tagging data by Bennett (reported elsewhere), although no direct citation for this work is provided. The von Bertalanffy growth parameters presented were different for many regions of the UK (Tables 1 & 5), but it is clear that in most areas the value of the L∞ parameter was fixed a priori. Anon (1979) does not provide any further information regarding the derivation of the von Bertalanffy growth parameters used in these assessments.

Bannister et al. (1994) discuss the results of studies where large numbers of lobsters tagged with wire micro-tags were released off the Yorkshire coast.  With respect to growth, they noted that lobsters released at 15mm C.L. exhibited considerable individual variability in growth rate and recruited to the fishery primarily after 4 to 5 years, but with slower growing lobsters not entering the fishery until 7-8 years after release.  The first cohort released showed slower growth than later cohorts. They did not fit growth curves to the data due concerns regarding potential sampling bias. 

Conan & Gundersen (1976) carried out an intensive tagging and recapture study in Norway, alongside aquarium experiments. Their results suggested that within the size range studied growth of males was arithmetic with a relatively constant increment, while females showed a level or slightly declining absolute increment with size, dependent on whether they were wild or in aquaria. Their results showed a clear reduction in moult frequency with increasing size. They also presented results for continuous growth parameters. Their tagging results were based on around 900 recaptures of each sex of lobster in total.

Agnalt et al. (2007) carried out a study on a mixture of wild and cultured berried lobsters that were tagged and released. Average size for a sample of 198 lobsters at large for 1 growth season increased by 7.1mm carapace length (CL), independent of premoult size in both wild and cultured females. 

Addison (pers. comm.) noted that data for the Yorkshire coast suggested moult increment was independent of carapace length over the range 70-110mm, with a mean increment of 9.8mm for males (minimum 4mm, maximum 15mm) and 8.6mm (minimum 4mm, maximum 14mm) for females. He suggested a slightly lower mean moult increments (7 & 6mm) for male and female lobsters respectively below this size range and slightly higher mean increments for carapace lengths above 110mm (12mm & 10mm, respectively), but noted that few data were available to support these suggestions.

Tully et al. (2006) also noted that very little information on lobster growth was available and that moult increment and frequency data had been collected from recaptured tagged lobsters mainly in Clare and Galway between 2004 and 2006. They used combined sex von Bertalanffy parameters (Table 3) for their length based VPA analysis, but did not provide a reference for these parameters.

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Tully was also involved with lipofuscin age and growth studies on juvenile European lobsters (O’Donovan & Tully, 1996). These authors studied lipofuscin accumulation under different temperature regimes in hatchery reared lobsters for 2 cohorts, over 34 and 18 months, respectively. Samples of 5 to 10 lobsters were taken for analysis at intervals of around 6 months throughout the study. They found a significant relationship between age and lipofuscin concentration and that temperature had a significant effect on the rate of lipofuscin accumulation.  There was no significant correlation between lipofuscin concentration and body size for lobsters of the same age. Both this study and that of Wahle et al. (1996) on H. americanus found a significant variation in the level of lipofuscin present among individuals within age groups, with this study focussing on temperature as a possible reason, but others, including food ration or  physiological factors such as changes in metabolic rate associated with chemically mediated growth. O’Donovan & Tully, (1996) suggested that their results indicated significant potential for this technique as a method of ageing lobsters. Carapace length also responded significantly to temperature, but with a non-linear trend and there was also a strongly significant relationship between carapace length and age, although the authors comment that this might be an artefact due to the cultured lobsters having a similar amount of space and lack of social interaction as communally reared lobsters show a wide variation in size at age.  O’Donovan & Tully (1996) focus on the utility lipofuscin for ageing and do not present growth models for lobsters.

Sheehy et al. (1996) utilised lobsters of known age from 2 sources, the MAFF fisheries laboratory at Conway (11 lobsters)  and 41 micro-tagged lobsters returned from studies at Scapa Flow, Orkney, as well as two unusually large  lobsters (166mm and 170mm OCL, obtained southwest England and southwest Norway, respectively.  These authors found high correlations between lipofuscin concentrations and age for the known age samples and a relatively weak relationship for carapace length (or weight) against age. Based on the Orkney data the authors estimate 43% of lobsters would be correctly aged within 1 year by the lipofuscin methodology, but only 3% would be aged to this precision on the basis of carapace length. However the authors point out that the sample range of ages is narrow and that the size at age regressions cannot be interpreted as segments of the complete growth curve because of this very limited age range and size biases in the catch. The authors present a linear relationship for lipofuscin concentration against age and also plot carapace length against age together with a von Bertalanffy growth curve obtained using conventional methods with which the points appear generally consistent (although largely uninformative). The authors note that lipofuscin concentrations indicated that the large lobster from SW England was relatively young, whilst the large Norwegian specimen was probably very old and that this was consistent with high individual variability in growth.  

Sheehy et al. (1999) investigated lipofuscin concentrations as a proxy for age using 53 randomly selected recaptures of microtagged lobsters of known age, along with length stratified samples of wild lobsters from Yorkshire. They found that age at size was highly variable and considered lipofuscin a significantly better ageing criterion than size. They fitted an inverse logistic growth model rather than the traditional von Bertalanffy model, noting this model fitted better for the older ages where size appeared to increase at a slow but constant rate, without a clear asymptote. They also fitted age as the dependent variable and size as the independent variable on the basis that this alleviated some problems due to gear selectivity. Their growth curves described  a growth trajectory slower (than previous estimates) for young lobsters, but with growth continuing for older lobsters up to similar maximum sizes (for the Yorskshire area. The estimated maximum size for females needed to be constrained and was higher than previously estimated (200mm (Sheehy et al., 1999) v 169mm  (Bannister et al., 1983)). Results based on lipofuscin studies and their implications for stock assessment and management are considered further in Section 1.2 and Appendix 1c.

The choice of using an inverse logistic model rather than the conventional von Bertalanffy model which makes direct comparison with other authors results more difficult. Sheehy et al. (1999) made the following observations:
slower growth rate for adult females than males
growth curves intercepted the MLS (85mm at this time) at 7.7 years for males and 9.3 for females
pronounced individual variation in growth 
von Bertalanffy models fitted poorly to older ages, where average size was considered to continue to increase at a slow but constant rate rather than reaching an asymptote
the growth trajectory for younger lobsters was slower than previously estimated
a constant limited intermoult period for old lobsters was considered consistent with finite durability of the exoskeleton
maximum sizes (OCL) for the Yorkshire fishery were estimated as 216mm for males and 202mm for females (although the latter value was contrained to obtain this fit), similar to those quoted for the UK as a whole (Bannister, 1986, 210mm & 200mm for males and females, respectively), while the female estimate was higher than previously quoted for Yorkshire (Bannister, 1983, 209mm & 169mm for males and females, respectively).  The authors urge some caution regarding the maximum size estimations as they lay well beyond the age span of the data.

Whilst these maximum estimated sizes represent very large lobsters they are not beyond the scale of observations, with the largest recorded lobster in excess of 250mm OCL (Wolff, 1978).

Uglem et al. (2005) used similar lipofuscin based methodology to investigate relationships between age with length and lipofuscin concentrations using a larger sample of recaptured known age lobsters (84 released at 10 months of age and 9 released as 2 year olds) released in Norwegian waters. Their results differed somewhat from those of Sheehy et al. (1996; 1999), being more similar to those of  O’Donovan & Tully (1996) in that they found that both lipofuscin and carapace length were closely related to age, although lipofuscin produced significantly more accurate estimates of age than carapace length. The relationship between lipofuscin concentration and age was linear, while the relationship between age and carapace length was well defined by a standard von Bertalanffy function. Carapace length was also significantly linearly related with lipofuscin concentration. Lipofuscin analysis closely predicted the correct age of the 9 lobsters released as two year olds, but these lobsters had grown more slowly than predicted by the von Bertalanffy growth curve based on carapace length. The authors concluded that their results supported findings of earlier studies that lipofuscin concentration is a relatively accurate age predictor for European lobsters, however importantly they also found that using carapace length is not necessarily an inferior method as had been suggested by earlier studies (Sheehy et al., 1996; 1999).  They suggest that the choice of method for age determination should be evaluated on the basis of the desired precision of ageing and that in some situations carapace length may provide a sufficiently accurate estimate of age in a considerably more time- and cost-effective manner than quantification of lipofuscin.  Uglem et al. (2005) noted no difference in lipofuscin concentrations between males and females, but that males were larger than females.  However, as there was no significant difference in age between sexes when using either lipofuscin or carapace length sexes were combined for the anlaysis. 

Many growth studies have also been carried out on American lobsters, but as this species tends to exhibit higher growth rates than its European cousin, results are not transferable between species. Therefore, we do not review the literature relating to American lobsters.  However, it may be worth noting some general points (e.g. see below) and also that as in European studies different authors have noted very different relationships between moult increment and pre-moult size.

Ennis (1972) found that for both sexes relative moult increment (% carapace length) decreased with increasing carapace length, but more rapidly for females. Absolute carapace length increment increased with increasing carapace length for males, but for females there was no significant change over the size range considered. More recent work by Ennis (2004) has found that there was no consistent pattern in the chronological sequence of lobster moults with no indication that moult increment was affected by the number of years between intermoult periods of up to 5 years. Patterns of moult increment variation in relation to size were different for early (1976-78) and later (1984-86) years of the study period.

Comeau & Savoie (2001) found little evidence of double moulting (< 0.2%) except for some males in a few locations in American lobsters ranging in size from 46 to 154 mm CL. Most moulting took place from early July to early September and evidence of animals skipping their annual moult was observed throughout the study area. Percentage of growth increment for  lobsters of the same sex tagged in pre-moult was significantly less than for lobsters tagged in post-moult, which was believed to be related to tagging trauma which is likely greater for lobsters actively developing a new carapace prior to moulting. Male lobsters had significantly larger moult increments than females. The lowest average percentage of growth increment (12%) was observed for berried females. No relationship was observed between the growth increment and carapace length.

Table A1b.1. Details of some growth datasets identified for European lobsters
	Study
	Location
	Methods
	Moult increment (sample size by sex) 
	Moult frequency
(sample size by sex)
	von Bertalanffy
(sample size by sex)

	Thomas, 1958
	Berwickshire
	Tail punching
	m: 49, f: 62
	-
	-

	Hepper, 1967
	Yorkshire
	Tail punching
	m:34, f:81
	-
	-

	Hepper, 1967
	Cornwall
	Tail punching
	m:42, f:57
	-
	-

	Hepper, 1978 (+ 1967, 1972)
	Yorkshire, Cornwall & N. Wales
	Tail punching,  tagging and aquarium experiments
	
	m: 14,f: 15, juv: 8
	m: 25, f: 27

	Simpson, 1961
	North Wales
	Tail punching
	m:14, f:27
	
	

	Hewett, 1974
	Suffolk
	aquarium experiments
	With weight
<c.200
	With weight
<c.200
	c.200

	Gibson, 1967
	Ireland
	Tagging experiments
	
	
	unknown

	Bennett et al., 1977; 1978
	Norfolk
	Tagging experiments
	m: 47, f: 51
	m: 42, f:51
	-

	Bennett et al., 1977: 1978
	Yorkshire
	Tagging experiments
	m: 69, f: 76
	m: 28, f:52
	-

	Conan & Gundersen, 1976
	Norway
	Tagging experiments
	Tagging- m: 104, f: 173
Aquaria – m: 208, f: 280
	m:  451, f: 773
	m: 217, (90), f: 325, (139)

	Agnalt et al., 2007
	Sweden
	
	f: 198
	
	

	Bannister et al., 1983
	Yorkshire & Northumberland
	Tagging experiments
	
	
	unknown

	Bannister et al., 1983
	Norfolk
	Tagging experiments
	
	
	unknown

	Bannister et al., 1983
	South coast
	Tagging experiments
	
	
	unknown

	Bannister et al., 1983
	Southwest & S. Wales
	Tagging experiments
	
	
	unknown

	Bannister et al., 1983
	Cardigan
	Tagging experiments
	
	
	unknown

	Bannister et al., 1983
	N. Wales
	Tagging experiments
	
	
	unknown

	Tully et al., 2006
	Ireland
	Tagging experiments
	
	
	unknown

	Sheehy et al., 1996
	Orkney
	Lipofuscin concentrations 41 known age

	
	
	No growth curve presented

	Sheehy et al., 1999
	Yorkshire
	Lipofuscin concentrations

	
	
	340 (53 reference) data points 1

	Uglem et al., 2005
	
	Lipofuscin concentrations
	
	
	84 (combined sex)


1 Inverse logistic model used

A1b.2.1 Discussion 
Moult increment

This preliminary review has identified around 9 historical datasets providing data on moult increment for lobsters (Table A1b.1).  Several authors have considered absolute moult increments to be ‘arithmetic’, i.e. constant for lobsters within the range of their data Table A1b.2).  

Table A1b.2. Mean growth increment at moulting for lobsters of 80mm initial carapace length (from Hepper, 1978)
	Source
	Location
	Increment mm

	
	
	Male
	Female

	Hepper, 1967
	Yorkshire & Cornwall
	9.8
	8.4

	Hepper, 1972
	North Wales
	12.3
	10.3

	Gibson, 1967
	Ireland
	8.5
	7.5-7.6

	Simpson, 1961
	North Wales
	10.1
	10.7

	Thomas, 1958
	Berwickshire
	12.3
	10.1



Some of raw data presented (e.g. Hepper, 1967) provide support for this or even slightly declining increments with increasing size, although it is rather implausible for this to be the case over an extended range of sizes and data provided by other authors indicate increasing absolute increments with increasing size (e.g. Bennett et al., 1978 for males in particular). Declining relationships between relative (%) increase in carapace length and premoult carapace have been fitted by linear regression (assuming Normally distributed errors) by some authors, while others have estimated linear relationships for absolute increments (e.g. Bennett et al., 1978) or post-moult size (e.g. Conan & Gundersen, 1976) against premoult size (Tables A1b.3 & A1b.4).

Table A1b.3. Relationships between moult increment and carapace length 
	Source
	Sex
	Relationship between moult increment and CL
	Comment

	Thomas, 1958
	M
	% increase in CL declining slightly with increasing CL
	

	Thomas, 1958
	F
	% increase in CL declines with increasing CL
	

	Simpson, 1961
	M
	% increase in CL declining slightly with increasing CL
	

	Simpson, 1961
	F
	% increase in CL declines with increasing CL
	

	Hepper, 1967
	M
	Arithmetic
	Regression analysis indicates % increase in CL declines with increasing CL

	Hepper, 1967
	F
	Arithmetic
	Regression analysis indicates % increase in CL declines with increasing CL

	Bennett et al., 1978
	M
	Absolute increment increases with increasing CL 
	

	Bennett et al., 1978
	F
	Absolute increment level or slightly decreasing with increasing CL
	

	Conan & Gundersen, 1976
	M
	Arithmetic
	

	Conan & Gundersen, 1976
	F
	Absolute increment level or slightly decreasing with increasing CL
	

	Agnalt et al., 2007
	F
	Average increase in size constant with increasing CL
	Note, average size of all lobsters used rather than moult increment



 Table A1b.4.  Regression relationships between moult increment (or postmoult size) and premoult size (y=ax+b)
	Author
	Location
	Sex
	a
	b
	r2
	Pr

	Relative increments
	
	
	
	
	
	

	Thomas, 1958
	Berwickshire
	
	Equations not provided

	Simpson, 1961
	North Wales
	m
	-0.05475
	17.05
	-
	-

	Simpson, 1961
	North Wales
	f
	-0.1437
	22.19
	-
	-

	Hepper, 1967
	Yorkshire
	m
	-0.18
	27.21
	0.28
	<0.01

	Hepper, 1967
	Yorkshire
	f
	-0.21
	27.34
	0.37
	<0.001

	Hepper, 1967
	Cornwall
	m
	-0.07
	16.84
	0.06
	<0.01

	Hepper, 1967
	Cornwall
	f
	-0.13
	20.88
	0.33
	<0.001

	Hepper, 1967
	combined
	m
	-0.14
	23.96
	0.23
	<0.001

	Hepper, 1967
	combined
	f
	-0.16
	23.59
	0.38
	<0.001

	
	
	
	
	
	
	

	Absolute increments
	
	
	
	
	
	

	Bennett et al., 1978
	Yorkshire
	m
	0.07
	4.34
	0.17
	-

	Bennett et al., 1978
	Yorkshire
	f
	-0.04
	11.78
	0.08
	-

	Bennett et al., 1978 (2)
	Yorkshire
	m
	0.24
	5.9
	0.11
	-

	Bennett et al., 1978 (2)
	Yorkshire
	f
	0.13
	9.8
	0.12
	-

	Bennett et al., 1978
	Norfolk
	m
	0.09
	3.51
	0.42
	-

	Bennett et al., 1978
	Norfolk
	f
	0.00
	8.94
	0.00
	-

	Bennett et al., 1978 (2)
	Norfolk
	m
	0.29
	0.99
	0.42
	-

	Bennett et al., 1978 (2)
	Norfolk
	f
	0.07
	13.63
	0.07
	-

	
	
	
	
	
	
	

	Postmoult length
	
	
	
	
	
	

	Conan & Gundersen, 1976 (A)
	Norway
	m
	1.046
	0.358
	0.98
	-

	Conan & Gundersen, 1976 (A)
	Norway
	f
	1.022
	0.48
	0.98
	-

	Conan & Gundersen, 1976 (W)
	Norway
	m
	1.034
	0.733
	0.96
	-

	Conan & Gundersen, 1976 (W)
	Norway
	f
	0.938
	1.305
	0.96
	-


(2) : Relationship for double moult increments 
(A): Aquarium experiments
(W): Wild lobsters

In general, it appears that moult increment for European lobsters varies quite widely typically being between 7.5 and 12.5mm over a range of sizes around the MLS (87mm) and that the relationship between moult increment and premoult size is relatively weak. Expressed as relative moult increments, % increase in CL generally decreases with increasing size and more steeply so for females.
Moult frequency

Rather few (6) datasets providing data on moult frequency were identified (Table A1b.5). Bennett et al. (1978b) and Conan & Gundersen (1976) both used weighted linear regression to model  percentage annual moult frequency against premoult carapace length (in mm and cm, respectively) for lobsters in Norfolk and Yorkshire (Table 5), while Hepper (1978) provided two linear relationships for intermoult period against premoult carapace, the second excluding data for seven male lobsters with intermoult periods greater than 600 days as it was thought that moulting may have been inhibited by the aquarium environment. Hewett (1974) provided a linear relationship for log intermoult period against the cube root of weight (note, the latter should be on a similar scale to total length, assuming isometric growth).

Table A1b.5.  Estimated  moult frequency (or intermoult period) parameters for lobsters
	Author
	Location
	Sex
	a
	b
	r2
	Pr

	y=ax +b
	
	
	
	
	
	

	Conan & Gundersen, 1976
	Norway
	m
	-18.89
	239.78
	0.66
	-

	Conan & Gundersen, 1976
	Norway
	f
	-17.2
	227.95
	0.96
	-

	Bennett et al., 1978b
	Yorkshire
	m
	-1.94
	267.9
	0.59
	-

	Bennett et al., 1978b
	Yorkshire
	f
	-1.91
	256.34
	0.42
	-

	Bennett et al., 1978b
	Norfolk
	m
	-2.73
	356.1
	0.76
	-

	Bennett et al., 1978b
	Norfolk
	f
	-4.35
	466.15
	0.81
	-

	
	
	
	
	
	
	

	Intermoult period ln (y)=a*ln(x)+b
	

	Hepper, 1978
	Aquaria
	-
	1.57
	-0.968
	0.84
	<<0.001

	Hepper, 1978 (2)
	Aquaria
	-
	1.45
	-.523
	0.89
	<<0.001

	
	
	
	
	
	
	

	Intermoult period y = b*exp(a*x0.333) where x was weight

	Hewett, 1974
	Aquaria
	-
	0.2
	93.0
	-
	-


(2) excluding data for seven males with intermoult period > 600 days

The relationships given in Table A1b.5 have been transformed to annual moult probabilities against carapace length and plotted for comparison, along with the logistic models of Fogarty & Idoine (1988) (Figure A1b.1). Wide disparities in both the form of the models and potential for their interpretation are apparent. Historic datasets were generally presented only in graphical form. Digitisation of these data would be very valuable to provide a basis for carrying out more modern statistical analyses and also aggregating datasets which in many cases consist of limited numbers of observations.  However, accurate digitisation is non-trivial and has not been carried out to date.   It should also be pointed out that the models used were not necessarily presented as the best explanatory model for the relationship, but in some cases, rather as simple models that would allow statistical comparison between areas (e.g. the linear models of Bennett et al., 1978b)

Some of the linear models suggest that moulting in lobsters ceases at sizes that are implausibly small, and this may reflect both problems with the data (in particular lack of data at larger sizes and potential biases introduced by high tag loss at large sizes) and with the form of the models (particularly when extrapolated to large sizes well outside the range of the data). By contrast the log transformed models of Hepper (1978) and Hewett (1974) tend to suggest that moulting continues at significant levels at rather implausible large sizes (Figure A1b.1). The logistic model is widely used for modelling binomial processes such as the probability of moulting annually. It is constrained between 0 and 1 and as some smaller lobsters are known to moult more than once annually would be inappropriate for modelling pre-recruit growth in unmodified form, or unless some other approach were used to accommodate double moulting (as is the case in the yield per recruit model, see Appendix 1a). On balance using the logistic models of Fogarty & Idoine (1988) in conjunction with modelling additional double moulting probabilities for smaller sizes for simulation (Objective 1.1, Appendix 1a) provides a pragmatic option and although this parameterisation id for American lobsters it is relatively central among the available historic data and models for European lobsters. 

Figure A1b.1. Moult frequency models for European lobsters (except Fogarty & Idoine – H. americanus) presented by various authors
Continuous growth models

Von Bertalanffy growth parameters estimated by a range of authors for European lobster populations (Table 5) indicate a range of growth curves (Figure A1b.2). In many instances estimates of L∞ are quite low, considerably below occasional observed captures of unusually large lobsters.  In several areas of the country, inshore fisheries are characterised by high catches of lobsters around the MLS, with very few surviving to grow to larger sizes and it has been hypothesised that the substrate may not provide suitable habitat for larger lobsters. This could imply that growth is constrained and a smaller maximum size (L∞) is reached, or that lobsters move away from the area as they grow larger. As a result some authors (e.g. Bannister et al., 1983) have fixed L∞ a priori, based on observations of the size of large lobsters in the local catch, and then estimated the other von Bertalanffy parameter (K). There is strong (negative) correlated between the von Bertalanffy parameters, hence reducing L∞ arbitrarily will tend to increase K. On the other hand with scarce and often poor data, fitting both parameters may lead to erroneous solutions. Therefore uncertainty associated with estimated growth parameters and curves is high. Several of the estimates in table A1b.5 and curves in figure A1b.2 suggest values of L∞ that are well below maximum observed sizes of lobsters, even for relatively highly exploited fisheries.

Table A1b.5. Von Bertalanffy growth parameters for lobsters (from Hepper, 1978 and other authors)
	Source
	Location
	Sex
	L∞
	K
	Comments and observations

	Hepper, 1978
	Yorkshire
	m
	110.5
	0.31
	L∞  low

	
	
	f
	105.3
	0.33
	L∞  low

	
	Cornwall
	m
	202.1
	0.15
	

	
	
	f
	125.8
	0.47
	L∞  low

	
	
	f
	138.6
	0.3
	excluding 85mm females, L∞  probably low

	Simpson, 1961
	North Wales
	m
	202.2
	0.122
	

	
	
	f
	118.2
	0.313
	L∞  low

	Hepper, 1978
	
	m
	176.7
	0.11
	Calculated

	
	
	f
	143.4
	0.14
	Calculated

	
	
	m
	172.9
	0.17
	Mean

	
	
	f
	123.2
	0.31
	Mean (excluding row 5), L∞  low

	
	Yorkshire, Cornwall & N. Wales
	m
	196.2
	0.12
	All data

	
	
	f
	160.3
	0.17
	All data

	Bannister et al., 1983
	Northumberland & Yorkshire
	m
	209.25
	0.0913
	

	
	
	f
	168.71
	0.1088
	

	
	Norfolk
	m
	150
	0.2397
	L∞ fixed a priori

	
	
	f
	150
	0.2105
	L∞ fixed a priori

	
	South Coast
	m
	175
	0.126
	L∞ fixed a priori

	
	
	f
	175
	0.1071
	L∞ fixed a priori

	
	Southwest & South Wales
	m
	200
	0.0914
	L∞ fixed a priori

	
	
	f
	200
	0.0689
	L∞ fixed a priori

	
	Cardigan Bay
	m
	175
	0.0965
	L∞ fixed a priori

	
	
	f
	175
	0.0775
	L∞ fixed a priori

	
	North Wales
	m
	175
	0.1191
	L∞ fixed a priori

	
	
	f
	175
	0.11
	L∞ fixed a priori

	Hewett, 1974
	Suffolk
	
	171.7
	0.065
	Combined sexes

	Gibson, 1967
	Ireland
	
	174.3
	0.1213
	Combined sexes

	Tully et al., 2006
	Ireland (Clare & Galway)
	
	172
	0.12
	Combined sexes

	Conan & Gundersen, 1976
	Norway
	m
	126.33
	0.259
	Tagging studies

	
	
	f
	162.31
	0.08
	Tagging studies

	
	
	m
	128.79
	0.197
	Corrected for moult cycle

	
	
	f
	156.93
	0.1
	Corrected for moult cycle

	Uglem et al., 2005
	Norway
	
	179.308
	0.117
	Hatchery reared micro-tagged recaptures 

	Sheehy et al., 1999
	Yorkshire
	m
	216.3
	0.997
	Logistic model (Ts∞/2=11.89)

	Sheehy et al., 1999
	Yorkshire
	f
	202.3*
	0.789
	Logistic model (Ts∞/2=15.64) *: S∞ constrained



The von Bertalanffy curves for male lobsters fall into 3 groups:
Those where both parameters were estimated by Hepper (1978) for Yorkshire and Conan & Gundersen (1976) where L∞ appears to be rather low and growth is curtailed at sizes well below those of large lobsters that are sometimes observed in the catches.
Curves where both parameters were estimated and L∞ is quite high (circa 200mm), which represents a very large lobster, but within the range of sizes observed. These include the curves estimated by Hepper (1978) for Cornwall and combined areas, Simpson (1961) and Bannister et al. (1983).
Curves with intermediate L∞, estimated by Bannister et al. (1983) where L∞ appears to have been fixed a priori at values of 150mm, 175mm or 200m, depending on the fishery area.

At 5 years of age the curves for males suggest a range of sizes from 67-110mm, possibly plausible given the wide individual variability in growth reported for lobsters, and at 10 years of age the range of sizes is108-157mm, possibly rather extreme at the upper margin. Above these ages the curves noted in (1) above indicate relatively small sizes at old ages and may be implausible.

The curves for female lobsters suggest growth to a generally lower asymptote (L∞), and as a result are somewhat less disperse (than for males) at older ages, but they have a rather greater variation over the first 10 years of age.  Curves estimated by Hepper (1978) for Yorkshire and Simpson (1961) have implausibly low L∞. The remainder suggest where L∞ has been estimated, rather than fixed a priori, suggest L∞ in the range 139-169mm. At 5 years of age the curves span a range of sizes from 54-108mm and at 10 years old the range in size is 89-131mm.

Three curves for combined sexes are very similar (Gibson, 1967; Uglem et al., 2005; Tully et al., 2006), with L∞ in the range 172-179mm and K around 0.12.  These curves suggest a size of around 79mm at 5 years of age and 124mm at 10 years of age.  A fourth curve for combined sexes (Hewett, 1974) suggests a much lower growth rate although the estimate for L∞ is very similar to the other authors. Hewett suggests that the lower growth rate (K) could be due to the lower ambient temperature for his aquarium experiments and also acknowledges Kurata’s (1962) assertion that animals in captivity grow less fast than their counterparts in the wild.  This was also borne out by the results of Uglem et al. (2005), where lobsters reared for 2 years in captivity before release grew more slowly than lobsters released after 1 year in captivity.

Figure A1b.2. Von Bertalanffy growth curves for lobsters estimated by a range of authors
Three sets of workers have used lipofuscin studies to age lobsters; O’Donovan, and Tully (1996) did not present growth curves, Uglem et al. (2005) presented von Bertalanffy curves, but these were based on length and known ages rather than utilising the lipofuscin ageing. Sheehy et al. (1999) fitted an inverse logistic model to explain lobster growth rather than a von Bertalanffy as they considered it better fitted the slow but constant increase in size they observed for older lobsters as aged by the lipofuscin methodology.  



Where T is estimated age, S∞ is the maximum (asymptotic) size and g is the instantaneous growth rate and S can be expressed in either CL or mass.

Comparison of these models with a more central von Bertalanffy growth curve (Uglem et al., 2005)  and estimated curves for the same area (Bannister et al., 1983) (Figure A1b.3) highlights the slower growth suggested by Sheehy et al. (1999) over the main size ranges observed in the fishery.


Figure A1b.3. Logistic growth curves estimated from ages based on lipofuscin pigment concentrations (Sheehy et al.) and selected von Bertalanffy curves for lobsters

A1b.2.2 Conclusions lobsters

Growth rate parameters are relatively poorly defined but have a high influence on the outcomes of stock assessments, where methods require length to be converted to age by inverting the growth equation, as is frequently the case for crustaceans.

This review identifies, summarises and compares a number of datasets compiled over the last 60 years, including some recent datasets where lipofuscin pigment has been used as an indicator of age. In many cases the data are still relatively sparse and usually mainly limited to observations on small lobsters or lobsters around the size of recruitment to the fishery, with very few observations relating to older lobsters.
Several authors suggest that moult increment is arithmetic for lobsters, at least over a range of sizes straddling the MLS.  However, this assumption breaks down over a wider size range, so may not be adequate for modelling purposes. Also some authors found that the moult increment may be slightly progressive for males and slightly regressive for females. In general linear models of percentage increase in size decline with increasing premoult size for both sexes and these may be applicable over a wider size range. 

Relatively few datasets were available for moult frequency and data and models provided quite contrasting results, some suggesting that moulting ceased at sizes well below the size of large lobsters observed in commercial landings, while others suggested moulting continued at very large sizes. The logistic model parameterised for American lobsters and currently used in our simulation model was relatively central among the others if additional double moulting was incorporated for small lobsters. 

In general terms it appears that male lobsters are likely to grow more quickly than females and possibly to a larger asymptotic size, however there is a wide variation in estimates of both von Bertalanffy parameters. 

Estimates of von Bertalanffy growth parameters for males fell into 2 groups with L∞  and K ranging from 196-209mm and 0.09-0.15  in the first and from 110-128mm and 0.2-0.31 in the second, the latter group seemingly having implausibly small L∞ in relation to observations of large lobsters in catches. Sheehy et al. (1999) estimated a maximum size for males of 216mm using lipofuscin ageing methodology, but rate of growth was much slower than suggested by the other models and authors.  

Estimates of von Bertalanffy growth parameters for females also included some where L∞ seemed implausibly small (L∞: 105-126mm, K: 0.31-0.47), whilst others were in the range 157-169mm (K: 0.08-0.17). One curve lay intermediately, with L∞: 139mm and K: 0.3). Sheehy et al. (1999) estimated a constrained maximum size for females of 202mm using lipofuscin ageing methodology, but as with males the rate of growth was much slower than suggested by the other models and authors.  

Bannister et al (1983) used a priori set values of L∞ (150-200mm) to estimate K in the range of 0.091-.24 for males and 0.069-0.21 for females in a number of different regional lobster fisheries.

Combined sex growth curves were highly consistent in terms of estimates for L∞ (171.7-179.3mm, with one study estimating a low K (0.065) whilst the other 3 were again highly consistent (0.117-0.1213). 

There is a degree of consistency in these results suggesting L∞ may be around 200mm for males, just over 160mm for females and around 175mm for combined sexes, with K centred somewhere around 0.12. With high variability in growth and difficulties in its estimation it is difficult to determine whether regional variations occur and can be detected or whether they are primarily artefacts of different sampling regimes and or population structures.

The scarcity and uncertainty associated with growth data for lobsters make it difficult to determine whether the variability of results represents genuine differences in time and space, or whether these are artefacts of different sampling and experimental regimes and local population and fishery characteristics.

The costs of obtaining growth data for macro-crustaceans is very high and results are often limited by uncertainties caused, for example tag loss, non-reporting or the influence of tagging on growth for tagging programmes, and differences between aquarium and wild environments for aquarium experiments. Further protracted intermoult periods for older and larger animals make collecting data for such specimens extremely difficult. Whilst further studies to obtain new or improved growth data should be undertaken whenever possible, there would be considerable merit in digitising these historic data for analysis in combination and using more modern analytical methods. As the data are often presented graphically it may not be possible to replicate them identically, but it should be possible to obtain datasets that are highly representative of these historic data. Time spent in such a way would be highly cost effective in comparison with field programmes.

A1b.3 Edible crab (Cancer pagurus)

Edible crab size is typically measured by carapace width (CW), the maximum lateral dimension of the carapace.

Edwards was responsible for a considerable amount of work on crab growth carried out in 1960s in the UK (particularly the North Sea), its documentation in the scientific press and subsequent summary in his Buckland Foundation book (Edwards, 1979). Edwards (1979) noted that the nature of crab growth by moulting had lead to much difficulty in determining true growth rate under natural conditions, because marks on, or tags  attached to, the exoskeleton were lost when the shell was cast. He noted that almost all observations on increase in size at moulting in Cancer pagurus made before the introduction of suture tags (Mistakidis, 1959; Edwards, 1964) were based on crabs kept in tanks (e.g. Williamson, 1900; 1904; Meek, 1904; Pearson, 1908). 

Edwards (1979) reports that he collected about 400 moult increment measurements for edible crabs from the east coast of England and graphically presents moult increment data for Yorkshire in 1962-1963, tabulating a subset of data for crabs tagged off the Norfolk coast, which are also tabulated in Edwards (1962). Edwards (1974) notes that lack of moult frequency data was partially overcome by using the anniversary method (Hancock & Edwards, 1967) applied to tagging data and that east coast tagging studies showed crab growth slowing after a size of 4” was reached, with the proportion of males moulting annually reducing earlier than females and resulting in a faster growth rate for females in this area. 

Williams (1904) suggested that a crab of 115mm would not be less than 3 years, but probably less than 4 years old, while Pearson (1908) believed a crab of this size would be nearer 5 years old. Meek (1904) estimated that a crab could reach a carapace width of 145mm in its fifth year.  Edwards own work suggested that on the east coast of England neither sex would reach 115mm before the fifth year. 

Edwards (1962) presents (both graphically and in tabular format) a significant amount of moult increment data for crabs including juveniles, and both in wild and captive conditions, noting little difference between sexes or between observations from the wild verses captivity.

Edwards & Martin (1963) reported on the 1962 Yorkshire crab investigations. They presented moult increment data for 3 male crabs by premoult size, which have been transformed to moult increment in table A1b.6.

Table A1b.6. Moult increment by a range of premoult sizes for edible crabs 
	Source
	Location
	Premoult size inches (mm)
	Moult increment inches (mm)

	
	
	
	Male
	Female

	Edwards & Martin, 1963
	Yorkshire
	3.7 (94)
	1 (25)
	

	Edwards & Martin, 1963
	Yorkshire
	4.1 (104)
	1.2 (30)
	

	Edwards & Martin, 1963
	Yorkshire
	4.6 (117)
	1.3 (33)
	

	Edwards & Brown, 1967
	Norfolk
	3.5 (89)
	1 (25)
	1 (25)

	Edwards & Brown, 1967
	Norfolk
	4.0 (102)
	0.9 (23)
	1.1 (28)

	Edwards & Brown, 1967
	Norfolk
	4.5 (114)
	0.9 (23)
	1 (25)

	Edwards & Brown, 1967
	Norfolk
	5.0 (127)
	0.9 (23)
	1.1 (28)



Edwards (1964) presents data from tagging studies on crabs during 1962 and 1963 off the Yorkshire coast, providing tabulated data for moult frequency (n=25) and graphical data for moult increment (n=99).

Edwards (1966) presents data on moult increment and frequency obtained from crab tagging programmes in Norfolk, Yorkshire and Northumberland.  Fishermen were asked to return tagged crabs during the first fishing season and returns during the second fishing season represented times at liberty of around 1 year. Over 3400 tagged crabs were released with over 500 recaptures, of which 190 had moulted. Edwards noted that there was little difference in the moult increments between Norfolk and Yorkshire, whilst the few male recaptures in Norfolk showed smaller moult increments than those in Yorkshire which had a larger moult increment than females from the same area. Edwards used combined data from this study to compare with earlier studies suggesting that both average moult increment and frequency were lower for males than females.   

Edwards & Brown (1967) summarised the growth pattern in the Norfolk fishery indicating 3-4 moults in year one attaining a size of 25-30mm, 2-3 moults in year 2 reaching a size of 50mm, a sixe of 70mm after 3 years and a further 2 years to reach 115mm. Their estimates for average post moult size (based on 140 returned crabs that had moulted) suggested an increase of around 25mm in carapace width at each moult (Table A1b.6).

Hancock & Edwards (1965; 1967) describe the background to applying the ‘anniversary method’ and the results subsequently obtained for crabs tagged off the Norfolk and Yorkshire coasts.  They present data for both moult increment and moult frequency in tabular and graphical form, including a substantial amount of the raw data (also tabulated in Edwards, 1962). They also expressed growth in terms of annual increment, taking account of both moult frequency and moult increment. Hancock & Edwards (1965; 1967) also analysed the proportion of soft crabs captured in the fishery which suggested a rapid decline in moult frequency for females above 140mm CW.  Their results also showed that moult frequency and increment were more reduced in males than females at lengths above 100mm. Hancock & Edwards (1965; 1967)  fitted linear regressions to absolute moult increments against premoult carapace width, which indicated increasing absolute moult increment with increasing premoult size for both sexes. They did not fit parametric models to the moult frequency data or present any continuous growth models.

Mason (1962) presents the results of Scottish crab- tagging experiments carried out in 1960-61.  These experiments used a mixture of claw and suture tags and present data on moult frequency by month at liberty for around 80 recaptures that had been classified as recently or not recently moulted at the time of release.  Mason noted that males had increased in width by 15-28.3% and females by 17.2-22.5%.  Results had suggested that the frequency of moulting was complex. Mason presented only 3 data points for males at very similar premoult sizes, but 10 data points for females indicate a linear relationships for moult increment that increase in absolute terms and decline as percentage increases with increasing premoult size.

Growth information from a tagging programme carried out in the 1970s is available for edible crabs in the English Channel (SW UK) (Bennett, 1974). These data are probably the most comprehensive available for edible crabs in the English Channel area consisting of 321 suture tagged crab returns that were known to have moulted. Relationships describing moult increments and annual moult frequency were determined, the latter using the anniversary method (Hancock & Edwards, 1967).  Bennett (1974) used weight to model moult frequency and increment, but his data have been digitised and reworked (Smith, 2008 unpublished) to obtain very similar results (Figure A1b.4) and provide an electronic dataset that is largely representative of Bennett’s data.  These data have subsequently been modelled using alternative assumptions for models and error distributions, for example linear models for relative increment assuming normal errors or for absolute increments assuming gamma errors (Zheng et al., 1995; 1996; 1997; 1998).


Figure A1b.4. Relationships between percentage moult increment by weight and premoult weight (reconstructed Bennett, 1974 data).  Males solid triangles, females open circles

Bennett also carried out work to evaluate the effect of limb loss and regeneration on growth in edible crabs (Bennett, 1973), concluding that severe limb loss (2 chelae or 6 legs) could reduce moult increment by up to 25%, while less severe limb loss marginally reduced body growth.  Incidence of limb loss in crab stocks off Norfolk, Yorkshire and Devon was circa 10%.

A French tagging programme was carried out in 1984 (Latrouite & Le Foll, 1989) to improve knowledge regarding French edible crab stocks and fisheries. French analyses of tagging returns have also been used to model moult increment. Moult increment for adults was modelled by a linear regression of postmoult width on premoult width (Latrouite & Morizur, 1988). A difference between male and female was apparent in the relationships.  

A recent (2007-2011) Defra funded tagging programme (MF1103) on crabs in the English Channel included analysis of growth data as one of its additional aims. Data on the size of recaptured tagged crabs were provided by the industry, measurement precision was low and a considerable amount of data screening was required as part of the growth analysis. Moult increment and frequency were estimated and compared with Bennett’s data from the 1970s, with the conclusion that evidence did not suggest any difference in moult increment or frequency. Data for moult increment included 54 points for females and 7 for males, while 84 moult frequency data points were available for females and again 7 for males. A modern generalised anniversary method (McGarvey et al., 2002) that utilises more data was applied to estimate moult frequency, possibly suggesting slightly higher moulting frequencies for large crabs under some scenarios for moulting season. Parameters for continuous (von Bertalanffy, 1938) growth models were also estimated and considered generally comparable with other identified estimates (Table A1b.7, Figure A1b.5), although likely to underestimate the potential for growth, particularly at larger sizes.

Crab age and growth has also been studied using the lipofuscin pigment methodology  (Sheehy & Prior, 2008) although they used a cubic version of the von Bertalanffy growth equation which complicates comparison with the work of other authors.


where L is length, t is age and L∞, K and t0 are the von Bertalanffy parameters.


A1b.3.1 Discussion
Moult increment

Bennett’s (1974) weight based moult increment relationships are detailed in the equations below.


The digitised and reworked data (Smith, 2008 unpublished) provide very similar results (Figure A1b.4) and have been presented as alternative models (Figure A1b.5) along with transformed results of linear models of postmoult width on premoult width for French edible crabs (Latrouite & Morizur, 1988) summarised by the equations below. 


where Larg1 is the width after the moult and Larg0 before the moult. Width was defined in millimetres and results were very similar to the re-analysed Bennett data (Figure A1b.5). 



Figure A1b.5. Relationships between moult increment and premoult size. Data and fitted models with 95% CIs. Top row absolute moult increment, bottom row proportional moult increment. Blue lines: Linear relationship of absolute moult increment with gamma errors. Green lines: Linear relationship of proportional moult increment with normal errors. Red lines linear model based on Latrouite & Morizur (1988). 

Data from MF1103 for female edible crabs (insufficient data were available for males) in the English Channel and fitted models provided very similar results to those of Bennett (1974) data and Latrouite & Morizur (1988) (Figure A1b.6).

	
	



Figure A1b.6. Comparison of data (unadjusted for bias) and estimated relationships for moult increment in this study with those estimated using Bennett’s (1974) data. Left panel relative moult increment, right panel absolute moult increment. Red: Bennett’s(1974) data, black: this study, blue: this study, fit to bias adjusted data, green: Latrouite & Morizur, 1988

Bennett and Edwards both commented on the differences in crab growth between the North Sea and English Channel which they attributed as likely due to environmental differences and in particular temperature regime.  Datasets identified in this review suggest that for adult female crabs absolute moult increment is close to level with increasing size (slightly increasing in the Channel, see Fig A1b.6), but conflicting data were available for the North Sea, with increasing absolute increments for SE Scotland and slightly decreasing increments for Norfolk (Edwards, 1962). When expressed as percentage increase in size moult increments for females decreases with increasing premoult size in both areas. Fewer data are available for males, but data from Edwards (1962) suggest a slight increase in absolute moult increment with increasing size for male crabs in the North Sea, which is much more apparent in Bennett’s (1974) data for the Channel (Figure A1b.5). 
Moult frequency

Bennett (1974) noted that weighted linear regression fitted the moult frequency models better for relationships based on weight than carapace width for males, but was similar for females. He went on to use the relationships based on weights, but did not present the estimated parameters.  Bennett’s (1974) data have been reconstructed to produce the results illustrated in figure A1b.7. 

Figure A1b.7. Log linear relationships between moult frequency and premoult weight based on reconstructed data for Bennett (1974)

Taking account of crabs recaptured after more than 300 days a linear relationship between the moult frequency and the premoult width was estimated for females from Western Channel and Bay of Biscay (Latrouite & Morizur (1988) (below).

%F = -1.2 larg0 + 230

Other variations for modelling moult frequency include the use of inverse logistic models (Zheng et al., 1998) and these have also been applied to Bennett’s historic data and data from M1103 (Figure 8). A generalised anniversary method (McGarvey et al., 2002) applied to data from M1103 suggested slightly higher annual moult frequencies under certain scenarios for moult season. 

	
	



Figure A1b.8. Left panel: Comparison of loglinear relationships; black: this study, red: Bennett, 1974. Right panel: Comparison of data and models extended over a wide size range: black: this study, red: Bennett, 1974, blue: Latrouite & Morizur 1988, dashed: this study with moult frequency data point at 205mm excluded, green: McGarvey et al. (2002) generalised method results for baseline scenario 
Continuous growth models

Length structured virtual population analysis (LVPA) and subsequent per recruit analysis provides a framework for carrying out stock assessment and is currently used by Cefas as one strand of stock assessments for edible crabs. This method requires parameters for the von Bertalanffy growth model (Bertalanffy, 1938) in order to restructure length based data into pseudo-ages. The difficulty in routinely ageing crabs means that published data on crab growth in the English Channel are relatively scarce and von Bertalanffy parameters have sometimes been estimated by fixing L∞ a priori and estimating K. 

As with lobsters there is considerable uncertainty associated with estimation of growth rates for crabs. The primary methods for obtaining data may both introduce biases, tagging through differential tag loss associated with intermoult duration and loss during the moult and aquarium experiments because they may not be representative of conditions in the wild. Further, local population structure and sampling through the fishery may tend to bias results if there is systematic migration associated with crab growth or age. Parameter estimates can therefore be rather variable (Table A1b.7) and it is difficult to be clear whether variations in parameters are genuine, reflecting different population or environmental characteristics or whether they are artefacts of the localised population and fishery and experimental or sampling programme.  

Table A1b.7. Alternative von Bertalanffy growth parameters for edible crabs
	Area
	Sex
	K
	L∞
	Source

	Shetland
	M
	0.188
	234.3
	Tallack, 2002

	Shetland
	F
	0.224
	212.2
	Tallack, 2002

	North Sea
	M
	0.196
	240
	Addison & Bennett, 1992

	North Sea
	F
	0.191
	240
	Addison & Bennett, 1992

	English Channel
	M
	0.252
	209
	Moult model in range of observed length data (Smith, 2004, unpubl.)

	English Channel
	F
	0.144
	198
	Moult model in range of observed length data (Smith, 2004, unpubl.)

	English Channel
	M
	0.181
	240
	Constrained fit to moult increment data (Smith, 2006, unpubl.)

	English Channel
	F
	0.069
	240
	Constrained fit to moult increment data (Smith, 2006, unpubl.)

	English Channel
	F
	0.168
	240
	Constrained fit to first 3 moult increment points only (Smith, 2006, unpubl.)

	French Channel
	M
	0.39
	232
	Latrouite& Morizur, 1988.

	French Channel
	F
	0.25
	210
	Latrouite& Morizur, 1988

	English Channel
	F
	0.24318
	211.7
	MF1103a (Defra, 2011), Gulland & Holt (1959) method

	English Channel
	F
	0.32519
	203.1
	MF1103b (Defra, 2011), Ford (1933), Walford (1946) method

	English Channel
	M
	0.38
	238.5
	Sheehy & Prior, 2008. Cubic von Bertalanffy model, lipofuscin studies (t0=-0.6)

	English Channel
	F
	0.46
	203.4
	Sheehy & Prior, 2008. Cubic von Bertalanffy model, lipofuscin studies (t0=-0.54)



Growth curves for crabs are plotted by sex for comparison (Figure A1b.9). Consideration of only the curves where both parameters are estimated (solid lines) suggests that in general males grow to a larger size than females, with  L∞  for males estimated in the range  232-238.5mm by 3 sets of authors, with one unpublished result of 209mm that is rather low as male crabs of this size occur quite frequently in the catch. Corresponding values for K were in the range 0.188 to 0.39, although the relatively high 0.38 value for the Sheehy & Prior (2008) cubic model is not directly comparable and actually implies slower growth at low ages. The upper value of 0.39 (Latrouite& Morizur, 1988) implies considerably faster growth than the other models (including the constrained ones) where K is around 0.2-0.25. 

The curves for females include one unpublished result that implies unrealistically slow growth and quite low L∞, a group of 3 quite similar curves where L∞ is in the range 210-212mm and K in the range 0.224-0.25, two curves where L∞ is 203mm (including the cubic model based on lipofuscin studies) and K is higher and two curves where L∞ has been constrained to 240mm and K is lower (0.19 & 0.17). Length distributions derived from a generally substantial port sampling programme for crab landings usually contain significant numbers of female crabs in excess of 200mm carapace width in most areas (the southern North Sea fishery unit being the main exception) often up to 220mm or even larger, so it is likely that L∞ would be somewhere in the region of the upper limit of such sampling. On this basis it may be that the constrained fits slightly overestimate L∞ and the higher estimated values could provide plausible values.  However, these are usually derived from tagging data which will tend to underestimate growth, particularly for the largest animals, and they may therefore be underestimates of both growth rate and L∞.    

Sheehy & Prior (2008) used a cubic von Bertalanffy equation to model their lipofuscin based results, which forces a slightly different shape to the growth curve, with growth rate reduced a low ages and accelerated through the mid ages. In general terms, the growth curves they estimated for crabs are quite similar to those estimated by other authors. However they suggested a maximum age of around 9 years for edible crabs and empirically derived estimates of natural mortality (Hoenig, 1983) based on their lipofuscin based longevity estimates suggest much higher values for natural mortality (0.48) than generally considered appropriate for edible crabs and this has significant implications for stock assessment (see section Objective1.2, appendix 1c)  


Figure A1b.9. Comparison of von Bertalanffy growth curves for male (left/blue) and female (right/red) crabs. Curves where L∞ has been constrained are shown by dashed lines

A1b.3.2 Conclusions edible crabs

As with lobsters growth rate parameters are also relatively poorly defined for crabs and have a high influence on the outcomes of stock assessments. There are a few datasets available based on tagging and more recently some work using lipofuscin pigment, however few of the datasets are comprehensive and bias in growth data obtained from tagging programmes is an issue. In common with lobsters there are few growth data available for older/larger edible crabs.

Datasets identified in this review suggest that absolute moult increment for adult female crabs is close to arithmetic, slightly increasing in the Channel and with conflicting data available in the North Sea. Males have generally been less well sampled, but moult increment for males appears to be progressive, possible more so in the English Channel. The relationship between percent increase in size and increasing premoult size is decreasing for both sexes and in both areas and may provide a basis for modelling over a wider size range.

Moult frequency data for crabs are scarce, with some information available for the English Channel and although some data were available in the North Sea statistically modelled results were not presented. It appears that moult frequency may also be higher for males than females although considerably fewer data were available for males. A wide variety of models have been applied which can imply very different growth characteristics when extrapolated and in common with lobsters very few data are available for large crabs.  

In general terms it appears that male crabs grow to a larger asymptotic size, with K possibly similar between males and females. However there is wide variation in estimates of both von Bertalanffy parameters and it is not clear whether this is due to differences in sampling and experimental protocols and local population and fishery characteristics or whether it represents genuine regional and temporal variations in population growth rates. 

Several estimates of von Bertalanffy growth parameters for males suggested L∞ and K, respectively, in the ranges 232-238.5mm and 0.188-0.39.  Estimates of von Bertalanffy growth parameters for females mainly suggested L∞ was either just over 200mm or just above 210mm, with the latter seeming more plausible given frequencies of large crabs in sampled landings. Corresponding K values for this group were between 0.224 and 0.25.

Growth curves based on lipofuscin pigment (Sheehy & Prior, 2008) were broadly similar to those obtained from tagging data, although a different growth model, with slightly differing character was used by these authors. 

As with lobsters some authors have fixed L∞ a priori.  Values chosen are consistent with estimates for males, but may be slightly high for females.  

Further studies to obtain new or improved growth data for crabs are required and Cefas has plans for further work through R & D and collaboration with academia (NERC funded studentship). Recent R & D programmes have generated some data and provided the opportunity to digitise the historic data of Bennett (1974), but digitising historic data from Edwards work in the North Sea would be highly cost effective in comparison with field programmes. This would permit analysis in combination with other data and using more modern analytical methods. 
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Appendix 1c. A brief review of lipofuscin based ageing studies for European lobsters and edible crabs and there implications for stock assessment

A1c.1 Introduction

Defra has recently funded two research projects (MF0215 and MF0225) into the use of lipofuscin for ageing lobsters and crabs. These studies and a number of peer-reviewed papers were completed by Dr M. Sheehy and co-workers, but we also review published findings from other authors carrying out lipofuscin based studies on European lobsters or edible crabs where these are available. Growth curves obtained from lipofuscin analyses have been compared with data and models from more conventional studies, most often tagging or aquarium studies, in appendix 1b. In this document we review the lipofuscin work and subsequently compare the results of stock assessments carried out using lipofuscin estimated parameters with routine Cefas stock assessments and comment on the results.

A1c.2 Review of lipofuscin publications on European lobster

We consider the work of 3 sets of authors with respect to lobsters; Sheehy and various co-workers, O’Donovan and Tully (1996) and Uglem et al. (2005).

Sheehy et al. (1996) utilised lobsters of known age from 2 sources, the MAFF fisheries laboratory at Conway (11 lobsters)  and 41 micro-tagged lobsters returned from studies at Scapa Flow, Orkney, as well as two unusually large  lobsters (166mm and 170mm OCL, obtained southwest England and southwest Norway, respectively.  They found high correlations between lipofuscin concentrations and age for the known age samples and a relatively weak relationship for carapace length (or weight) against age. Based on the Orkney data they estimated 43% of lobsters would be correctly aged within 1 year by the lipofuscin methodology, but only 3% would be aged to this precision on the basis of carapace length. However they noted that the sample range of ages is narrow and that the size at age regressions cannot be interpreted as segments of the complete growth curve because of this very limited age range and size biases in the catch. They presented a linear relationship for lipofuscin concentration against age and a von Bertalanffy growth curve for carapace length against age obtained using conventional methods with which the points appeared generally consistent (although largely uninformative). The authors noted that lipofuscin concentrations indicated that a large lobster from SW England was relatively young, whilst the large Norwegian specimen was probably very old and they suggested that this was consistent with high individual variability in growth.  

Sheehy et al. (1999) present data for 53 randomly selected returns of microtagged lobsters (28 female and 25 male) of known age. These lobsters showed no relationship between size and age, but a significant positive relationship between liposfuscin concentration and age.  The lipofuscin methodology was estimated to predict 51% of lobster ages within 1 year and 95% within 3.5 years, however outside the range of the reference data the margin of error increases and the highest lipofuscin concentration encountered in wild lobsters from Yorkshire indicated a predicted age of 72 within the range 52-120 years.

Sheehy et al. (1999) clearly demonstrate a strong correlation between lipofuscin concentration and age in lobsters and also highlight a poor relationship between size and age. However, other authors (e.g Uglem et al., 2005) do not concur with the poor relationship between size and age, in that they found that both lipofuscin and length were closely related to age, although lipofuscin produced significantly more accurate estimates of age than carapace length. The poor relationship between size and age in the data of Sheehy et al. (1999) is at least in part an artefact of the sampling regime and fishery characteristics and this is acknowledged by the authors in their discussion; “the narrow size range and low slope of the reference age-length relationship are readily interpreted as a reflection of the wide age range, size selective capture and short life expectancy of incoming sized recruits rather than the true average growth trajectory”.

The microtagging studies utilised by Sheehy et al. (1999) took place during the years 1984 to 1988 and the sample of lobsters analysed was randomly selected from 1991 and 1992 recaptures, thereby providing a potential for lobsters varying between around 3 and 8 years. The size range of the sample was relatively narrow with most (85%) lobsters being within one typical moult increment of the minimum landing size (MLS: 85mm at that time) in the range 85-93mm, with just 2 lobsters under 85mm and 6 larger than 93mm. This narrow size range is typical for heavily exploited lobster fisheries, where most lobsters are captured rapidly after they recruit to the fishery and few larger lobsters occur in the catch, but it may introduce bias into the sample.  The sample would be expected to comprise of faster growing individuals from the more recent years of release and slower growing individuals from the earlier years of release.  Faster growing individuals from earlier years of release would have grown into the fishery and been harvested in previous years and would now be scarce in the landings available, while slow growing individuals from recent years would not yet have recruited to the fishery. This would result in an under-estimation of any relationship between size and age (i.e. all the lobsters are of recruiting size, but they span a number of ages) as is seen to be the case.  

Further, the regression analyses for both lipofuscin and size, against age, were heavily influenced by two data points in the extremities:
the point of the second highest lipofuscin concentration corresponding with the oldest (only 8 year old) lobster and having high positive leverage in the regression slope of lipofuscin concentration against age, 
the same point of the oldest animal (8) having only average size (c. 93mm) and exerting negative leverage in the regression slope of CL against age, and
the point of the largest lobster (109mm CL) corresponding to the youngest age (4) and exerting negative leverage in the regression slope of CL against age. 
The point referred to in iii) appears unusual in the context of data from other areas on size of lobsters of known age (Figure A1c.1, from Figure 3a, MF0215 final report) and the archived database for the samples of microtagged lobsters provided by Cefas to Dr. Sheehy indicates the largest lobster provided, which has corresponding age and sex to the published data, had a carapace of 102mm rather than 108mm as published.  It is not possible to be sure which dataset is in error and even at 102mm CL the effects of this point would be similar (if somewhat less extreme).

Figure A1c.1. Relationships between (a) orbital carapace length (OCL) and age for known-age micro-tag recaptured lobsters from Orkney (red symbols), Yorkshire (blue symbols) and North Wales (green symbols). M, males; F, females (Figure 3a from Defra R & D project MF0215 final report)
The MF0215 final report presents a modal frequency analysis for length distributions and lipofuscin concentrations.  The analysis was relatively sophisticated, employing smoothing, transformation and spectral analysis at various stages, but nonetheless we have some concerns regarding this approach applied to stratified samples (see section A1c.3). Figure 7a of the MF0215 final report shows clear modes in the undersized component of population length frequency histogram, while the legal sized component of this distribution has modes that do not necessarily correspond with those apparent in the comparable stratified distribution (MF0215 Figure 7b). A lipofuscin concentration frequency distribution based on the length stratified sample (MF0215 Figures 7c & 7d) was presented with 11 modes identified by ‘a simple, objective criterion as being each local maximum, whether visible in either the whole distribution or its internal components’.  A periodicity of 0.11%VF was identified by the maximum spectral power in the spectral analysis purported to arise from 11 regularly spaced modes and identical to that estimated from known age microtagged lobsters.  Whilst the maximum spectral power does occur at 0.11%VF, there is a second only slightly smaller mode at 0.08%VF (MF0215 Figures 7f) and some of the modes identified in MF0215 Figures 7c & 7d do not seem particularly regularly spaced (e.g. around 0.6%VF and 0.8%VF) and appear to be evidenced only in subcomponents of the distribution (e.g. undersized lobsters for the mode at 0.6%VF and possibly females at 0.8%VF). This process of including all modes whether they are apparent in whole distribution of only its subcomponents would seem to have the potential to introduce additional modes, particularly where sample size is small and modes are identified on the basis of very few individuals. Combining over sexes which might exhibit different physiological characteristics could also potentially exacerbate this problem. 

The results of Sheehy et al. (1999) indicate that lipofuscin concentrations provide a useful alternative and more accurate means of determining age for lobsters, however he also notes in the Defra MF0215 final report that extrapolation of well beyond the range of reference aged data is a concern. A linear relationship was estimated for European lobsters, but curvilinear relationships have been found for some species, with reduced accumulation rates occurring for younger or older anilals in some species. Substantial variation between lipofuscin accumulation rates for lobsters between different areas was noted and discussed. Temperature is known to affect accumulation rate and differences in accumulation rate between areas with similar average temperatures was substantial, with lobsters from North Wales accumulating lipofuscin more than 4 times more rapidly than those from the Orkneys. The report notes that it is clear that separate calibrations would be required for different fisheries.

Sheehy et al. (1999) fitted an inverse logistic growth model rather than the traditional von Bertalanffy model, noting this model fitted better for the older ages where size appeared to increase at a slow but constant rate, without a clear asymptote. They also fitted age as the dependent variable and size as the independent variable on the basis that this alleviated some problems due to gear selectivity. Their growth curves described a growth trajectory slower (than previous estimates) for young lobsters, but with growth continuing for older lobsters up to similar maximum sizes (for the Yorkshire area). Estimated maximum size for females needed to be constrained in the model fit and was higher than previously estimated (200mm (Sheehy et al., 1999) v 169mm (Bannister et al., 1983)). 

Their choice of an inverse logistic model rather than the conventional von Bertalanffy model which makes direct comparison with other authors results more difficult. Although it slightly complicates the use of these results for stock assessment purposes, because many ‘standard’ length based methods incorporate the von Bertalanffy model, it is relatively straightforward to incorporate alternative growth models in these assessments, as has been described later in this appendix. However, Sheehy et al. (1999) made the following observations regarding their estimates of growth rates:
slower growth rate for adult females than males
growth curves intercepted the MLS (85mm at this time) at 7.7 years for males and 9.3 for females
pronounced individual variation in growth 
von Bertalanffy models fitted poorly to older ages, where average size was considered to continue to increase at a slow but constant rate rather than reaching an asymptote
the growth trajectory for younger lobsters was slower than previously estimated
a constant limited intermoult period for old lobsters was considered consistent with finite durability of the exoskeleton
maximum sizes (OCL) for the Yorkshire fishery were estimated as 216mm for males and 202mm for females (although the latter value was contrained to obtain this fit), similar to those quoted for the UK as a whole (Bannister, 1986, 210mm & 200mm for males and females, respectively), while the female estimate was higher than previously quoted for Yorkshire (Bannister, 1983, 209mm & 169mm for males and females, respectively).  The authors urge some caution regarding the maximum size estimations as they lay well beyond the age span of the data.

Although these maximum estimated sizes represent very large lobsters they are not beyond the scale of observations, with the largest recorded lobster in excess of 250mm OCL (Wolff, 1978).
O’Donovan and Tully (1996) studied lipofuscin accumulation in juvenile European lobsters under different temperature regimes in hatchery reared lobsters for 2 cohorts, over 34 and 18 months, respectively. Samples of 5 to 10 lobsters were taken for analysis at intervals of around 6 months throughout the study. They found a significant relationship between age and lipofuscin concentration and that temperature had a significant effect on the rate of lipofuscin accumulation. There was no significant correlation between lipofuscin concentration and body size for lobsters of the same age. Both this study and that of Wahle et al. (1996) on H. americanus found a significant variation in the level of lipofuscin present among individuals within age groups, with this study focussing on temperature as a possible reason, but others, including food ration or  physiological factors such as changes in metabolic rate associated with chemically mediated growth. O’Donovan & Tully, (1996) suggested that their results indicated significant potential for this technique as a method of ageing lobsters. Carapace length also responded significantly to temperature, but with a non-linear trend and there was also a strongly significant relationship between carapace length and age, although the authors comment that this might be an artefact due to the cultured lobsters having a similar amount of space and lack of social interaction as communally reared lobsters show a wide variation in size at age.  O’Donovan & Tully (1996) focussed on the utility lipofuscin for ageing and did not present growth models for lobsters.

Uglem et al. (2005) used similar lipofuscin based methodology to investigate relationships between age with length and lipofuscin concentrations using a somewhat larger sample of recaptured known age lobsters (84 released at 10 months of age and 9 released as 2 year olds) released in Norwegian waters. Their results differed somewhat from those of Sheehy et al. (1996; 1999), being more similar to those of  O’Donovan & Tully (1996) in that they found that both lipofuscin and carapace length were closely related to age, although lipofuscin produced significantly more accurate estimates of age than carapace length. The relationship between lipofuscin concentration and age was linear, while the relationship between age and carapace length was well defined by a standard von Bertalanffy function. Carapace length was also significantly linearly related with lipofuscin concentration. Lipofuscin analysis closely predicted the correct age of the 9 lobsters released as two year olds, but these lobsters had grown more slowly than predicted by the von Bertalanffy growth curve based on carapace length. The authors concluded that their results supported findings of earlier studies that lipofuscin concentration is a relatively accurate age predictor for European lobsters, however importantly they also found that using carapace length is not necessarily an inferior method as had been suggested by earlier studies (Sheehy et al., 1996; 1999). They suggest that the choice of method for age determination should be evaluated on the basis of the desired precision of ageing and that in some situations carapace length may provide a sufficiently accurate estimate of age in a considerably more time- and cost-effective manner than quantification of lipofuscin.  Uglem et al. (2005) noted no difference in lipofuscin concentrations between males and females, but that males were larger than females. However, as there was no significant difference in age between sexes when using either lipofuscin or carapace length sexes were combined for the analysis. 

In conclusion, all these authors have found that lipofuscin can be a good predictor of age for lobsters with a linear relationship. However, rates of lipofuscin accumulation can vary substantially according to environmental conditions (e.g. temperature and potentially food availability) which will introduce uncertainty under un-controlled natural conditions. Sheehy et al. (1999) suggested that size was a poor predictor of age, but biases due to their sampling regime may have obscured the relationship and the other authors considered here note a strongly significant relationship between carapace length and age. The sampling of populations for analysis by lipofuscin concentration requires the sacrifice of (or serious damage to) the sampled animals and this unfortunately limits its utility in combination with mark-recapture experiments or when the release of the sampled animals is required for other reasons.  The conclusions of Uglem et al. (2005) ‘that lipofuscin concentration is a relatively accurate age predictor for European lobsters, but that using carapace length is not necessarily an inferior method’ and  ‘that the choice of method for age determination should be evaluated on the basis of the desired precision of ageing and that in some situations carapace length may provide a sufficiently accurate estimate of age in a considerably more time- and cost-effective manner than quantification of lipofuscin’, seem well balanced. 

A1c.3 Review of lipofuscin studies on edible crabs

In this section we review Sheehy and Prior (2008) as the final report for MF0225 was unavailable on the Defra website.

Whereas for lobsters, animals of known age were available from aquarium and micro-tagging studies, this was not the case for crabs which were sampled from the shore line and landings from the commercial fishery. In order to assign ages, modal frequency analysis was carried out on frequency distributions of neurolipofusin concentration and for comparison carapace width.

The authors note that the commercial sample was stratified by weight to obtain wide coverage of sizes, but do not comment on the sampling strategy for the juveniles. In their discussion they comment that they are not aware of size stratified sampling having been used previously for crabs and that although intuitively, size selective sampling might be expected to obscure natural variations in the abundance of different size classes if broad strata (at least 3-4 times wider than the size classes to be employed), then sampling is effectively random within a stratum. They suggest that this technique results in amplification of otherwise poorly resolved, mainly older peaks, while reducing the effect of otherwise dominant, mainly younger peaks. 

Whilst it is true that within stratum sampling may be random and that poorly resolved peaks may be enhanced to the detriment of dominant peaks, we feel that subsequent combination of these frequencies (without reweighting the strata) and modal frequency analysis of the combined distribution is inappropriate. Each Gaussian distribution fitted to a particular peak is likely to utilise data that from multiple strata, which will have frequencies in some parts of its distribution weighted differently to frequencies in other parts, thereby mis-estimating the form of the Gaussian distribution.  Since the predicted frequencies (for many size classes) are made up of multiple Gaussian distributions (also weighted differently and arbitrarily) errors introduced, will be propagated throughout the analysis.     

Further, as the sample size was not large males and females were combined in both the modal frequency analyses for lipofuscin concentration and carapace width. Sheehy and Prior (2008) also comment that to avoid adverse effects of low sample sizes in the modal frequency analysis distributions for males and females were combined as lipofuscin analysis had indicated that generalised growth was similar for males and females. They noted that future analyses validation of these results would require time series of size distributions using larger sample sizes and separate by sex.  The combination of sexes also provides the potential to introduce error and bias because although generalised growth may be similar between sexes, it is well known that male crabs grow to larger size and this is also very apparent in length frequency data presented, where size classes 135-155mm are dominated by females (the MLS is 140mm for females and 160mm for males) and all size classes above 165mm (with the exception of 185mm) are dominated by males. The growth curves estimated by Sheehy and Prior (2008) suggest that while growth of juveniles is similar for both sexes, growth above age 5 (at around 160mm) differs substantially for males and females (Figure A1c.2). This constitutes the vast majority of the commercial sample. Combining frequencies for sexes that may be growing at different rates will tend to introduce anomalies in the modal frequency analysis for carapace width.

Figure A1c.2. Cubic von Bertananffy growth curves estimated by Sheehy and Prior (2008) for crabs

The small sample size presents further potential for misinterpretation, especially given the inconsistencies introduced by the stratified sampling and combination over sexes and noted above.  For example a mode is identified at 155mm where there is a difference in frequency of only 1 individual between the 155mm and 160mm size classes, and where the class also include the first selection of male crabs.

As weight, width, age and lipofuscin concentration are all highly related, the problems introduced by the stratified sampling regime, will also apply to the modal frequency analysis for lipfuscin concentration, although possibly less so than with width which is likely to be more closely correlated with weight. Low sampling levels are also a problem in this analysis with several modes discriminated on the basis of very small differences in frequencies (i.e. <3). 

There is a discontinuity in the sizes of crabs sampled by Sheehy & Prior (2008 ), with their shore sampling  obtaining crabs around 10mm to 110mm, while the commercial sampling commenced at 135mm for females and 155mm for males.  Realistically sampling in the size range from around 90mm to 135mm is inadequate. It is quite possible that this size range could contain further peaks corresponding to year classes. Two peaks were clearly identified in the juveniles with the possibility of others that weren’t formally classified.  Five peaks were formally identified in the commercial sample, the first considered to be 3+, which were of larger size than expected, although this was attributed to selection by the fishery of the fastest growing individuals. In figure 4 a disjunct is also apparent between the results for juveniles sampled intertidally and the commercial fishery, identifiable by systematic patterning in the residuals.  For the juveniles a number of points fall outside the lower 95% confidence interval, suggesting crabs of older age at relatively small size, while for the commercial sample the outliers fall above the upper 95% confidence interval, suggesting crabs of large size at relatively young ages. Thus the results for the juvenile sample appear to suggest a slower growth and do not dovetail smoothly with the results from the commercial sample. If the commercial sample were shifted to the right on the age axis, it is likely that this disparity would be less apparent. This may be suggestive of under-estimation of the absolute ages for the commercial sample. Sheehy and Prior correctly comment that first selection in the commercial fishery would be for the fastest growing crabs, which could result in some larger crabs of young age and it is also possible that the older crabs sampled on the shore represented slower growing individuals that remained in this habitat for longer. The modal analysis lipofuscin concentrations identified 3 peaks, the first attributed to both ages 0+ and 1+ where lipofuscin accumulation was negligible. Two further peaks were identified for ages 2+ and 3+.  In the commercial sample 8 modes were identified and allocated to ages 2+ to 9+. The mode corresponding to the youngest age (2+) was derived from 5 crabs ranging from 140-170mm. These points lie outside the 95% confidence intervals of Sheehy & Prior, (2008), figure 4 and even given high individual variation in growth and selection for fast growers it is difficult to envisage crabs entering the fishery above the male MLS (160mm) prior to, or around, their 3rd birthday, particularly given the length frequency data for the juveniles which suggest a possible modal size of around 80mm for 2+ crabs (Sheehy & Prior, 2008, figure 7a) and the lipofuscin analysis which identified modes corresponding to ages 2+ and 3+ in the juvenile with few crabs above 100mm.   

Many of the results are highly plausible and the growth curves do not differ widely from curves estimated from tagging and aquarium studies, there some anomalies in some results (e.g. discontinuities in Sheehy and Prior,2008, figure 4). These are possibly suggestive of some additional ages prior to recruitment, which would make the growth curves even more similar to those of other authors. Sheehy and Prior estimated longevity of crabs as around 9+ years and derived estimates of natural mortality from this value using an empirical formula (Hoenig, 1983). These were well above historical and currently accepted estimates for crab natural mortality and have a very dramatic effect when modelling crab populations and carrying out stock assessment. Given the uncertainties regarding the calibration of lipofuscin concentrations and absolute age in this paper we remain cautious with regards to these natural mortality estimates.

In summary, without reference age data for crabs Sheehy and Prior (2008) used modal frequency analysis to identify possible age classes. However this analysis may be compromised by the stratified sampling regime and the relatively low sample size also introduces uncertainty in identification of modes. Without further evidence, and in particular samples of crabs of known age, we are cautious with regards to the results from this analysis, particularly in terms of absolute ages of crabs and estimates of natural mortality based on longevity.  

A1c.4 Implications of lipofuscin based studies on stock assessments for lobster
A1c.4.1 Method

Cefas stock assessments currently use a combination of length based VPA and analysis of catch rate trends to carry out stock assessments for lobsters. Length based VPA and per recruit analysis codes, implemented in R, were modified to accommodate the inverse logistic growth model fitted by Sheehy et al. (1999).

Results are presented for lobster stock assessments using existing growth parameters and natural mortality estimates, along with results using the growth model of Sheehy et al. (1999)and both the growth model and natural mortality estimates (males 0.15 , females 0.08) of Sheehy et al. (1999), although the latter do not differ widely from the existing natural mortality estimate of 0.1 for both sexes. Length distributions used for the LVPA were aggregated over 3 years (2008-2010), however as sampling levels in 2010 were insufficient raised length distributions for this year were omitted and the aggregated length distribution is for 2008 and 2009 only. 
A1c.4.2 Results

Aggregated length distributions for 2008 and 2009 were basically unimodal with females (including ovigerous) slightly more abundant than males in the landings, typical of the Yorkshire lobster fishery (Figure A1c.3).

Figure A1c.3. Annual length distributions for lobsters in 2008 and 2009 in the Yorkshire Humber fishery unit

Length based VPA resulted in estimated fishing mortality patterns (Figure A1c.4) using conventional growth data where F peaked above 1.5 for both sexes, although F for males was generally slightly higher. Using growth parameters estimated by Sheehy et al (1999) resulted in much lower Fs being estimated for both sexes (peaking around 1.0 for males and 0.5 for females). The exploitation pattern with size was similar and F for males was higher (Figure A1c.4). This reflected the slower growth rates obtained from the lipofuscin studies, which result in size classes being aged older and hence reduce the rate at which the population declines (i.e. total mortality). Since natural mortality was constant across scenarios the change is reflected in lower fishing mortalities. Using both the growth curves and natural mortality estimates from Sheehy et al. (1999) did not alter the latter perspective very much, very slightly increasing and decreasing levels of F for females and males respectively.  These slight changes reflect the slightly lower estimate of natural mortality for females and slightly higher estimate for males which have reciprocal effects on estimates of fishing mortality. 

[image: ]
Figure A1c.4. Comparison of fishing mortality for Yorkshire Humber lobsters estimated by LVPA using current estimates of growth and natural mortality (left), Sheehy et al. lipofuscin estimated growth (centre) and Sheehy et al. estimated growth and natural mortality rates (right).  Blue: males, red: females

Results of per recruit analyses for the LVPA outputs described above (Figure A1c.4) show that using the historic growth and natural mortality parameters, Fsq is above to Fmax for both sexes and small to moderate gains in yield per recruit (YPR) are possible by reducing F. Using the Sheehy et al. (1999) growth curves results in less domed YPR curves for both sexes, with females fished at F below Fmax Sheehy et al. (1999) and males still fished above Fmax (i.e. growth overfished). Absolute estimates of maximum yield per recruit are reduced using the Sheehy et al. (1999) parameters due to slower growth rates.  When using the growth curves and natural mortality estimates of Sheehy et al. (1999) both sexes are fished just below Fmax, but maximum yield per recruit for males is reduced further.

Under the existing assumptions for growth and natural mortality spawning potential (spawner per recruit, SPR and egg per recruit, EPR) is substantially reduced for both sexes at Fsq, below 10% of unexploited levels, a level suggested as a minimum EPR threshold by some authors. Utilisation of growth curves estimated by Sheehy et al. (1999) slightly raises the SPR and EPR levels for both sexes, with EPR (females) being above the limit reference, but with both EPR and SPR below potential target levels. The stock status in terms of spawning potential would be slightly improved, but still providing cause for concern. Using both growth curves and natural mortality estimates of Sheehy et al. (1999) results in improvements in male SPR, but reduces relative spawning potential for females.  The prognosis for both sexes would be that spawning potential is below targets, but just above the limit reference for females.

In summary using the growth curves for crabs estimated by Sheehy et al. (1999) results in reductions to fishing mortality estimates and per recruit analysis prognoses are somewhat improved. The natural mortality estimates of Sheehy et al. (1999) have little additional impact, slightly improving the prognoses for males and worsening them for females. Absolute YPR is reduced with the perception provided by the Sheehy et al., (1999) parameters. 
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Figure A1c.5. YPR and % of virgin SPR (or EPR) curves for lobsters in the Yorkshire Humber fishery. Top row: using historic growth curves and natural mortality estimates, middle row: using growth curves from Sheehy et al., 1999, bottom row: using growth parameters and natural mortality rates from Sheehy et al., 1999. Blue: males, red: females, solid lines: YPR or %VirginSPR, dashed lines: %VirginEPR

A1c.5 Implications of lipofuscin based studies on stock assessments for edible crab

A1c.5.1 Method

Cefas stock assessments currently use a combination of length based VPA and analysis of catch rate trends to carry out stock assessments for crabs. Length based VPA and per recruit analysis were implemented as functions in Visual Basic for Applications, interfacing through MS Excel.  LVPA and per recruit codes have subsequently been implemented in R, which provides a more integrated approach to the assessment process, but the analyses described here utilised historic data (2006-2008) and VBA functions which were also modified to accommodate the cubic von Bertalanffy model fitted by Sheehy and Prior (2008).

Results are presented for crab stock assessments in the western Channel (the area from which crab samples were obtained by Sheehy and Priors, 2008) using existing growth parameters and natural mortality estimates, along with results using the growth model of Sheehy and Prior (2008) and both the growth model and natural mortality estimates of Sheehy and Prior (2008). Length distributions used for the LVPA were aggregated over 3 years (2006-2008).

A1c.5.2 Results

Aggregated length distributions were unimodal with females considerably more abundant than males in the landings, typical of the western Channel crab fishery (Figure A1c.6).

[image: ]Figure Figure A1c.6. Aggregated length distributions for crabs in the western Channel, 2006-2008

Length based VPA resulted in estimated fishing mortality patterns (Figure A1c.7) using conventional growth data where F peaked around 0.8 for females and 0.4 for males. Using growth parameters estimated by Sheehy and Prior (2008) resulted in much higher F being estimated for males and somewhat lower and more domed fishing mortality pattern for females, peaking around 0.8 and 0.6 respectively. The higher fishing mortality rate for males seems likely to result from the lipofuscin based growth curve estimating younger ages for large crabs, therefore a sharper reduction in numbers and higher estimated fishing mortality. When the natural mortality estimates of Sheehy and Prior (2008) are used as well as their growth parameters, fishing mortality for both sexes is greatly reduced with males peaking at around 0.3 and females at below 0.1. This reflects the very high natural mortality rates (in the region of 0.5) suggested by Sheehy and Prior (2008) as contrasted with the value of 0.1 used as a baseline historically (with an alternative value of 0.2).
Results of per recruit analyses for the LVPA outputs described above (Figure A1c.8) show that using the historic growth and M parameters, Fsq is close to Fmax for males, but well above Fmax for females, although yield per recruit (YPR) gains from reducing F are relatively small. Using the Sheehy and Prior (2008) growth curves results in a less domed YPR curve for females, but more domed for males and reverses the former prognosis, with females close to Fmax and males growth overfished. In common with the assessment results, this appears to reflect primarily a substantial reduction in estimated age for larger crabs, estimated by Sheehy and Prior (2008). Maximum yield per recruit for males is increased by adoption of the Sheehy and Prior (2008) growth parameters reflecting the rapid growth and large maximum size suggested by this curve. When using the growth curves and natural mortality estimates of Sheehy and Prior (2008) both sexes are fished well below Fmax because fishing mortality is low relative to natural mortality. Maximum yield per recruit is greatly reduced for both sexes in this scenario. 

Under the existing assumptions for growth and natural mortality spawning potential is substantially reduced at Fsq, with egg per recruit close to 10% of unexploited levels, a level suggested as a minimum threshold by some authors, and spawner per recruit around 14% of unexploited levels for females and 21% for males. A level of 35% virgin SPR has been suggested as a target, roughly equivalent to MSY. Utilisation of growth curves estimated by Sheehy and Prior (2008) reduces the relative SPR level for males substantially and slightly raises the SPR and EPR levels for females. The stock status in terms of spawning potential would remain broadly similar with egg per recruit close to or just above the limit level of 10% and SPR below target 35% levels. Using both growth curves and natural mortality estimates of Sheehy and Prior (2008) results in considerably higher levels of spawning potential, with both SPR and EPR above target levels at Fsq.

In summary using the growth curves for crabs estimated by Sheehy and Prior (2008) results in moderate changes to the fishing mortality estimates and per recruit analysis and in broad terms would not substantially  alter stock status, although the relative status of males and females is reversed, with females improved and males worsened. However, using the natural mortality estimates of Sheehy and Prior (2008) has a huge impact on the prognosis as F is estimated to be low relative to natural mortality and perception of stock status is greatly improved. Essentially the natural mortality estimates of Sheehy and Prior (2008) suggest crab is a relatively short lived, productive species with high natural mortality, while the historical parameters suggest it is a moderately in terms of productivity and longevity and has low natural mortality.  In recent years crab fisheries in a number of areas (e.g. western Channel, North Norfolk, Humber fishery have shown decreases in the level of landings and catch rates following increases in effort and peaks in landings. This is inconsistent with the perception provided by the combined growth and natural mortality estimates of the lipofuscin studies that yields would continue to rise with substantial increases in effort.
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Figure A1c.7. Comparison of fishing mortality for western Channel crabs estimated by LVPA using current estimates of growth and natural mortality (left), Sheehy and Prior lipofuscin estimated growth (centre) and Sheehy and Prior estimated growth and natural mortality rates (right). Blue: males, red: females
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Figure A1c.8. Comparison of per recruit analysis for crabs in the western channel estimated by LVPA and using current estimates of growth and natural mortality (left), Sheehy and Prior lipofuscin estimated growth (centre) and Sheehy and Prior estimated growth and natural mortality rates (right)
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Appendix 1d. Excerpt from Poorfish Deliverable D4s –Section 3: Case study 2 - Crab fisheries in the English Channel, Celtic Sea, Western Approaches and northern Biscay – Section 3 (Appendix II - graphical results of simulations is available on request)


3. Evaluating current MLS regimes in the English Channel crab fisheries through simulation modelling – a data poor case study
3.1 Model description and parameter estimation

The population of crabs in the English Channel, Western Approaches, Celtic Sea and Bay of Biscay has been modelled as four stock/fishery units (1. Eastern English Channel, 2. Western English Channel, 3. Celtic Sea and 4. Western Approaches and Northern Biscay).  

At the beginning of each annual cycle the population of crabs in each area undergoes the instantaneous processes of moulting (a component of natural mortality and growth), recruitment (i.e. growth of crabs into the modelled population) and movement between major stock/fishery areas, which occur in the given sequence. This is followed by exposure to continuous fishing mortality and a second component of continuous natural mortality throughout the year (Figure 1).

 (
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)Figure 1. Schematic representation of the simulation model

3.1.1 Growth

Growth was modelled using the probabilistic moult frequency and moult increment model of Zheng et al. (1995; 1998). Moult frequency was modelled as a reverse logistic function 




where φ and ω are parameters of the model and l is premoult length.  This model constrains the maximum number of moults per year to one, which is not the case for small edible crabs. However, it is unlikely that crabs in the size range modelled in this study will moult more than once per year and this model was considered preferable to the linear fit on premoult width (Latrouite & Morizur, 1988) or log linear fit on premoult weight (Bennett, 1974) used historically. Both unweighted and weighted non-linear least squares fitting was carried out using Bennett’s (1984) data with generally little difference between the models (Table 1; Figure 2). The unweighted models were selected for subsequent use. 

Table 1.  Weighted and unweighted reverse logistic model parameters for moult frequency
	Sex
	Model\Parameter
	φ
	ω

	Male
	Un-weighted
	2.14E-05
	-0.07015

	Male
	Weighted
	3.16E-05
	-0.06679

	Female
	Un-weighted
	4.8E-07
	-0.10077

	Female
	Weighted
	6.4E-07
	-0.09967



Moult increment has been modelled as a linear function of premoult size, either in relative terms and assuming a normal error distribution (Bennett, 1974) or in absolute increments assuming gamma distributed errors (Zheng et al., 1998). Within the range of the data, both models are essentially similar, but outwith the data they have different characteristics (Figure 3). The linear model for proportional moult increments appears more reasonable for small crabs as it suggests small absolute moult increments, while for at very small sizes the linear absolute model does not look credible. In contrast at large sizes for females the linear model for proportions suggests very small moult increments, which seems unlikely. In the range of sizes to be used for simulation (120mm-225mm) the models are basically similar up to around 150mm, but above this size the increments modelled in absolute terms tend to be larger than the proportionally modelled increments. However since the model will use a plus group at 225mm increments that would increase sizes above this are rendered irrelevant. The gamma model was selected for subsequent use and transition matrices, expressing the proportion of moulting crabs in each size class growing into subsequent size classes were estimated for each sex (Tables 2a & 2b).
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Figure 2. Reverse logistic (and log linear) models for moult frequency of male (left) and female (right) edible crabs
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Figure 3. Relationships between moult increment and premoult size. Data and fitted models with 95% CIs. Top row absolute moult increment, bottom row proportional moult increment. Blue lines: Linear relationship of absolute moult increment with gamma errors. Green lines: Linear relationship of proportional moult increment with normal errors

Table 2a. Transition matrix for moulting female crabs
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	Table 2b. Transition matrix for moulting male crabs
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3.1.2 Recruitment

Recruitment to the population was modelled locally for each of the stock/fishery units considered in the model, using either constant recruitment with stochastic variability.  In the model recruitment occurs as an instantaneous input of population numbers over a number of the smaller size classes.

Crabs recruit relatively late to the fishery and recruitment can therefore consist of a number of age classes and a range of length classes.  The range of length classes to be considered was calculated by estimating the proportions of the population at the smallest size class (120mm) moulting into subsequent size classes using the moult increment model. The maximum potential size class for recruitment was taken to be a length class where this proportion was small, but not trivial.  This is to some extent arbitrary but provides a pragmatic means to set this parameter. Thus the maximum potential recruiting size class was considered as 170mm for males, at which the proportion moulting in from120mm was 0.000043 and 165mm for females at which the proportion moulting in from120mm was 0.000026. 

Subsequently the average annual population numbers at length derived earlier, using LCA, were projected forward for one year. Since the population is considered at equilibrium the numbers of crabs in each length class should remain constant. Thus, recruitment must replace the numbers of crabs lost to fishing and natural mortality through the year and those survivors subsequently moulting out of a recruiting length class. However, some already recruited crabs may moult into another recruiting length class and these must be discounted from the recruitment estimate. Therefore for each potential recruiting length class:




This estimation does not take account of emigration, which pre-analysis (D3bs) suggested was relatively low. Size structure was not included in the evaluation of movement rates and if it is deemed necessary to account for emigration in recruitment numbers they can be adjusted post hoc across all recruiting size classes to reflect this. Deterministic recruitments by sex to the four different areas (Table 3) tended to have quite similar distributions with quite similar proportions reflecting the same growth model being used for all four areas, although stock numbers and fishing mortality patterns differed substantially between areas.

Table 3. Proportions of recruitment by size class and total recruitment

	
	Males
	Females

	
	VIId
	VIIe
	VIIfg
	VIIhVIIIa
	VIId
	VIIe
	VIIfg
	VIIhVIIIa

	120
	0.189
	0.182
	0.182
	0.188
	0.209
	0.210
	0.210
	0.213

	125
	0.186
	0.179
	0.178
	0.185
	0.202
	0.202
	0.202
	0.205

	130
	0.179
	0.173
	0.173
	0.177
	0.190
	0.189
	0.189
	0.191

	135
	0.169
	0.166
	0.165
	0.167
	0.175
	0.171
	0.171
	0.173

	140
	0.155
	0.156
	0.156
	0.154
	0.152
	0.150
	0.147
	0.149

	145
	0.109
	0.117
	0.116
	0.111
	0.073
	0.079
	0.081
	0.070

	150
	0.013
	0.027
	0.029
	0.020
	
	
	
	

	TotalR
	1255604
	3678892
	337784.2
	1515609
	1086798
	8404892
	2288316
	6967405


3.1.3 Movement

Pre-analysis of historic data suggested movement rates of the range required to move from one fishery unit to another were low for females and zero for males and movement rates have therefore initially been specified as either 0.01 for females between contiguous units where movement may take place and zero for males in all areas (Table 4). 

Table 4. Proportion of population moving annually from one stock/fishery unit to another - females followed by males in parentheses
	From\To
	Eastern Channel
	Western Channel
	Celtic Sea
	Western Approaches and Northern Biscay

	Eastern Channel
	0.99 (1)
	0.01 (0)
	0 (0)
	0 (0)

	Western Channel
	0 (0)
	0.99 (1)
	0 (0)
	0.01 (0)

	Celtic Sea
	0 (0)
	0 (0)
	0.99 (1)
	0.01 (0)

	Western Approaches and Northern Biscay
	0 (0)
	0 (0)
	0 (0)
	1 (1)



The movement rates are at present virtually negligible for females and zero for males, based on historic tagging data, but do represent a slight emigration from the east to the west with the Western Approaches and Northern Biscay being a net recipient and Eastern Channel and Celtic Sea being net donors.  The Western Channel receives some crabs from the Eastern Channel, but as it has a larger population will lose more to the Western Approaches and Northern Biscay.

3.1.4 Maturity

Maturity parameters (Poorfish D3bs; Lawler, 2006 unpublished) were used to calculate proportion mature at the midpoint of each 5mm size class for the Eastern and Western Channel (Table 5). The female L50 for the Eastern Channel (126mm) is similar to that of Bennett (1996, unpublished; 125mm), while the male L50 (105mm) is around 10mm lower than Bennett’s (1996) estimate. The female L50 for the Western Channel (114mm) is also very similar to (but slightly higher than) that of Le Foll (1986; 110mm) for Northern Biscay, but considerable lower than the estimates of Latrouite & Noel, (1993; 137-147mm). A range of estimate is available for a variety of other areas, but not the Celtic Sea, so the same values were used for this area as the Western Channel and Northern Biscay. The highest alternative estimates for L50s are around 140mm for females and 125 for males. Shifting the existing ogives to correspond to these values provides an alternative ‘worst case’ scenario.   

Table 5. Proportion mature at the midpoint of each 5mm length class used for simulation

	
	Western Channel, Biscay and Celtic Sea
	Eastern Channel
	Alternative ‘worst case’ all areas

	LC
	Female
	Male
	Female
	Male
	Female
	Male

	120
	0.71
	0.97
	0.41
	0.87
	0.20
	0.44

	125
	0.79
	0.98
	0.52
	0.92
	0.27
	0.56

	130
	0.85
	0.99
	0.62
	0.95
	0.36
	0.67

	135
	0.90
	0.99
	0.72
	0.97
	0.46
	0.77

	140
	0.93
	1.00
	0.80
	0.98
	0.56
	0.84

	145
	0.95
	1.00
	0.86
	0.99
	0.66
	0.89

	150
	0.97
	1.00
	0.90
	0.99
	0.75
	0.93

	155
	0.98
	1.00
	0.94
	1.00
	0.82
	0.96

	160
	0.99
	1.00
	0.96
	1.00
	0.87
	0.97

	165
	0.99
	1.00
	0.97
	1.00
	0.91
	0.98

	170
	0.99
	1.00
	0.98
	1.00
	0.94
	0.99

	175
	1.00
	1.00
	0.99
	1.00
	0.96
	0.99

	180
	1.00
	1.00
	0.99
	1.00
	0.97
	1.00

	185
	1.00
	1.00
	0.99
	1.00
	0.98
	1.00

	190
	1.00
	1.00
	1.00
	1.00
	0.99
	1.00

	195
	1.00
	1.00
	1.00
	1.00
	0.99
	1.00

	200
	1.00
	1.00
	1.00
	1.00
	0.99
	1.00

	205
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	210
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	215
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	220
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	225
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00




3.1.5 Natural mortality

Natural mortality was modelled as two components, one occurring instantaneously, during moulting, and therefore only applying to the proportion of the population that undergoes this process, and the second continuous and acting on the whole population throughout the year. The first component ads reality to the model as moulting is considered to be a process during which crabs may be very vulnerable.  The process may be physiologically stressful and crabs are also susceptible to damage and predation during moulting.  It has been postulated that females may suffer a lower moult mortality, as mating also takes place while females are soft, and they are usually accompanied by a male, which may provide protection and assist in removing the old shell parts (Bennett, 1979).  On the basis of laboratory studies, Edwards (1979) suggested that death during moulting was relatively low, at around 5%.

Natural mortality for edible crabs is thought to be relatively low as once recruited to the fishery they are quite large and, except when moulting, robust, with relatively few predators.  It is usually assumed to be around 0.1, but some authors (e.g. Addison & Bennett, 1992) have also carried out alternate investigations using 0.2 and 0.3. Bennett (1979) estimated 0.06 for females and 0.14 for males.  Different natural mortality regimes will be investigated as part of the simulation evaluation (section 3.2 Experimental design). Recent work on crab diseases has suggested that infection by Haematodium sp. can reach quite high significant levels locally and that such infections may result in death. This could mean that natural mortality rates for crabs could be significantly higher than previously thought. The model would provide a useful platform for investigating these types of effects, but at present there is insufficient field information available to accurately estimate rates of infection.  

3.1.5 Fishing mortality and initial population numbers

Fishing mortality (F) is modelled through a series of vectors of partial Fs by size class for each fleet and area combination. These reflect the current exploitation level and pattern for each active fleet/area combination and therefore the effort and MLS regime currently in operation. Changes in fishing effort will be effected by applying F multipliers to the different fleet vectors of partial Fs, while exploitation pattern will be maintained as indicative of the current MLS regime. 

Fishing mortality (and continuous natural mortality) are applied using the standard catch equations (Baranov, 1918) and a yearly time step. 

Fleets operating in each of these areas have been specified on the basis of nationality and the MLS applying to them in a particular region. In total 3 fleets are considered: France, operating to the EU MLS regulations, UK operating to the UK national MLS regulations and Cornish inshore operating to the Cornwall Sea fisheries MLS regulations. Different combinations of these fleets operate in each area (Table 6).

Table 6. Breakdown of fishing fleets by area
	Eastern English Channel
	Western English Channel
	Celtic Sea
	Western Approaches and Northern Biscay

	France
	France
	France
	France

	UK
	UK
	UK
	

	
	Cornwall
	Cornwall
	



Deliverable D3b described the aggregation of length distributions from UK and French crab fleets that form the basic data from which to estimate stock numbers and fishing mortality. Aggregation of length distributions was not straightforward and the problems encountered raise some doubts regarding the integrity of the resultant length distributions and subsequent derived population and fishing mortality estimates (see this appendix, section 3.4. Discussion and conclusions).

Length structured virtual population analysis (LVPA) the exact version of length cohort analysis (LCA; Jones, 1981, 1984; Sparre et al., 1989) was applied to the combined length distributions for each of the 4 stock/fishery units (VIId, VIIe, VIIfg & VIIh-VIIIa) to estimate vectors of both population numbers and total fishing mortality by size class for each area. Terminal exploitation level, the seed used to initialise the LVPA, was manually adjusted such that fishing mortality in the final length class was similar to that in the preceding length classes.

Population numbers were expressed as average annual numbers, rather than the survivors at the start of each length class, because the simulation model has an annual time step (Table 8). Fishing mortalities derived from the LVPA were disaggregated by fleet, according to the ratios of observed catches at length of the contributing fleets (Tables 9 & 10).

Investigating the outputs from LVPA highlighted an issue in deciding where to set the plus group. Using a relatively high plus group (e.g. 235mm carapace width) allows more length classes to be modelled explicitly, rather than as a plus group, but results in a declining F in the largest length classes (Figure 4). Using a lower plus group (e.g. 200mm carapace width) produces very similar results but with flat topped exploitation patterns (Figure 5), because the largest size classes for which F was estimated to be low are now included in the plus group. However, this results in only 9 length classes above the male MLS (UK limit in ICES division VIIe) and large numbers in the plus group (which is subject to this higher F). 

It may be possible to justify a lower F on large size classes by the rationale that (with the recent population structure) larger animals are mainly found offshore and that the level of exploitation here may be more moderate than in some more inshore areas. Also very large crabs may also be less catchable in traps, for example, if the entrances are relatively small as in some lobster pots, or because their large size enables them to climb out more readily. However, in the size range considered here, which does not extend to very large crabs, this is not considered to be a major effect. It is difficult to be confident about a strong decline in F for large sizes, as the low numbers in these size classes that cause this may well be a sampling artefact and smoothed fishing mortality patterns at size extrapolated from 200mm to 225mm were therefore used to replace the sharp declines in F at the largest sizes with an F extrapolated from the plateau (Figure 6). 

It is desirable to model size classes explicitly in the simulation model, rather than use a large plus group, but at the same time estimation of population parameters for the size classes that are generally poorly sampled is also likely to be poor, so there is an inevitable trade off. We compromised between the higher and lower plus groups of 235mm and 200mm by using a plus group of 225mm. 

[image: ]
[image: ]Figure 4. Fishing mortality and population numbers at size estimated by LVPA using a plus group of 235mm (females above, males below)


Figure 5. Fishing mortality and population numbers at size estimated by LVPA using a plus group of 200mm (females above, males below)


Figure 6. Smoothed fishing mortality and population numbers at size estimated by LVPA using a plus group of 200mm and projected forward to a plus group at 225mm (females above, males below)

Table 8. Initial stock numbers at size
	Width
	Females
	Males

	mm
	7d
	7e
	7fg
	7h8a
	7d
	7e
	7fg
	7h8a

	120
	249685
	1936588
	528324
	1627112
	262023
	738257
	67724
	314028

	125
	254034
	1970876
	537708
	1656011
	265622
	752670
	69055
	318171

	130
	257393
	2007134
	547697
	1685253
	264629
	766656
	70418
	316950

	135
	256691
	2041843
	558185
	1713181
	260205
	779438
	71633
	313986

	140
	246104
	2062938
	568022
	1734500
	250831
	784258
	72725
	307911

	145
	229154
	2048273
	575148
	1747908
	231836
	771165
	72598
	293816

	150
	211384
	1947577
	548151
	1746882
	210911
	751217
	71934
	278386

	155
	190187
	1774656
	485238
	1714457
	194834
	733395
	71173
	261266

	160
	165818
	1566496
	409591
	1648351
	175077
	695625
	63008
	237438

	165
	139145
	1336852
	328558
	1573104
	144391
	638144
	49406
	209056

	170
	112181
	1101872
	252198
	1466994
	116916
	578244
	38350
	187248

	175
	88724
	874498
	186378
	1311696
	93112
	520531
	29942
	165086

	180
	68165
	672366
	132804
	1148614
	69192
	463724
	22323
	130001

	185
	49799
	504694
	91320
	974205
	52393
	411338
	15168
	96408

	190
	36169
	361163
	60420
	783492
	40869
	374528
	8466
	72123

	195
	26420
	250552
	34712
	578097
	31786
	343156
	4660
	57711

	200
	18647
	173559
	17782
	397276
	24386
	308168
	3106
	49073

	205
	12470
	112656
	8958
	268219
	17905
	272652
	1821
	39134

	210
	7770
	67298
	4070
	171288
	12413
	236646
	910
	29267

	215
	4432
	36529
	1576
	99318
	8043
	199754
	414
	21115

	220
	2193
	17051
	484
	50361
	4669
	161345
	155
	13961

	225
	1093
	7646
	113
	26289
	3119
	230237
	48
	12106




Table 9. Female partial F vectors by size area and fleet used in the model
	Width
	Area fleet combination

	mm
	7d_UK
	7d_Fr
	7e_Cw
	7e_UK
	7e_Fr
	7fg_Cw
	7fg_UK
	7fg_Fr
	7h8a_Fr

	120
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	125
	0.00
	0.01
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	130
	0.00
	0.05
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.01

	135
	0.00
	0.15
	0.00
	0.00
	0.02
	0.00
	0.00
	0.01
	0.02

	140
	0.08
	0.16
	0.00
	0.04
	0.03
	0.00
	0.00
	0.02
	0.03

	145
	0.21
	0.10
	0.00
	0.07
	0.09
	0.00
	0.02
	0.12
	0.06

	150
	0.26
	0.08
	0.11
	0.10
	0.05
	0.24
	0.03
	0.02
	0.10

	155
	0.30
	0.10
	0.14
	0.17
	0.06
	0.35
	0.05
	0.07
	0.15

	160
	0.39
	0.09
	0.14
	0.22
	0.07
	0.33
	0.10
	0.14
	0.17

	165
	0.51
	0.03
	0.15
	0.27
	0.08
	0.38
	0.11
	0.17
	0.22

	170
	0.53
	0.05
	0.15
	0.29
	0.10
	0.38
	0.12
	0.20
	0.27

	175
	0.59
	0.01
	0.14
	0.32
	0.12
	0.38
	0.12
	0.25
	0.32

	180
	0.58
	0.04
	0.14
	0.35
	0.11
	0.35
	0.13
	0.27
	0.36

	185
	0.58
	0.04
	0.14
	0.39
	0.09
	0.38
	0.10
	0.29
	0.40

	190
	0.58
	0.00
	0.12
	0.34
	0.15
	0.37
	0.09
	0.40
	0.49

	195
	0.54
	0.00
	0.13
	0.36
	0.12
	0.31
	0.17
	0.37
	0.52

	200
	0.51
	0.02
	0.08
	0.33
	0.15
	0.43
	0.17
	0.30
	0.54

	205
	0.53
	0.02
	0.09
	0.35
	0.16
	0.42
	0.16
	0.29
	0.52

	210
	0.52
	0.02
	0.08
	0.34
	0.16
	0.42
	0.16
	0.29
	0.53

	215
	0.52
	0.02
	0.08
	0.34
	0.15
	0.42
	0.16
	0.29
	0.53

	220
	0.52
	0.02
	0.08
	0.34
	0.16
	0.42
	0.16
	0.29
	0.52

	225
	0.52
	0.02
	0.08
	0.34
	0.16
	0.42
	0.16
	0.29
	0.53





Table 10. Male partial F vectors by size area and fleet used in the model
	Width
	Area fleet combination

	mm
	7d_UK
	7d_Fr
	7e_Cw
	7e_UK
	7e_Fr
	7fg_Cw
	7fg_UK
	7fg_Fr
	7h8a_Fr

	120
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	125
	0.00
	0.06
	0.00
	0.00
	0.01
	0.00
	0.00
	0.00
	0.06

	130
	0.00
	0.11
	0.00
	0.00
	0.01
	0.00
	0.01
	0.00
	0.10

	135
	0.01
	0.18
	0.00
	0.00
	0.04
	0.00
	0.02
	0.00
	0.15

	140
	0.09
	0.19
	0.00
	0.04
	0.06
	0.00
	0.06
	0.01
	0.19

	145
	0.14
	0.21
	0.00
	0.03
	0.11
	0.00
	0.03
	0.05
	0.24

	150
	0.17
	0.19
	0.00
	0.06
	0.10
	0.00
	0.10
	0.03
	0.28

	155
	0.21
	0.16
	0.00
	0.08
	0.12
	0.00
	0.18
	0.14
	0.32

	160
	0.21
	0.29
	0.04
	0.07
	0.15
	0.46
	0.06
	0.03
	0.39

	165
	0.23
	0.34
	0.04
	0.11
	0.18
	0.53
	0.10
	0.08
	0.37

	170
	0.37
	0.28
	0.03
	0.13
	0.17
	0.55
	0.09
	0.06
	0.40

	175
	0.21
	0.44
	0.03
	0.09
	0.22
	0.42
	0.17
	0.12
	0.49

	180
	0.25
	0.42
	0.02
	0.13
	0.17
	0.42
	0.16
	0.20
	0.61

	185
	0.25
	0.35
	0.01
	0.12
	0.15
	0.30
	0.24
	0.50
	0.64

	190
	0.30
	0.21
	0.02
	0.14
	0.09
	0.45
	0.18
	0.37
	0.51

	195
	0.30
	0.18
	0.01
	0.12
	0.10
	0.74
	0.18
	0.00
	0.41

	200
	0.31
	0.15
	0.01
	0.12
	0.11
	0.51
	0.16
	0.00
	0.32

	205
	0.32
	0.16
	0.01
	0.12
	0.11
	0.66
	0.20
	0.00
	0.41

	210
	0.32
	0.16
	0.01
	0.12
	0.10
	0.62
	0.19
	0.00
	0.38

	215
	0.32
	0.16
	0.01
	0.12
	0.11
	0.60
	0.18
	0.00
	0.37

	220
	0.32
	0.16
	0.01
	0.12
	0.11
	0.63
	0.19
	0.00
	0.39

	225
	0.32
	0.16
	0.01
	0.12
	0.11
	0.62
	0.19
	0.00
	0.38



3.1.7 Error structure for population numbers and fishing mortality

An element of stochasticity in both the starting population numbers and fleet structured fishing mortality patterns used in the projection mode is desirable. Initially random deviates of catch numbers at length were generated for each fleet assuming a normal distribution and using the observed number at length as the mean, with a variance calculated from log mean log variance relationships estimated for length distributions for crab fisheries in this region during a previous EU project (Table 11; Tully et al., 2002). The regression parameters presented are averages of parameters derived from two differing aggregation protocols in Tully et al. (2002). The log mean log variance relationships derived from the different aggregations were generally very similar, with the exception of those for VIIfg where sampling has historically tended to be poor. 
Table 11. Log mean log variance relationships (Tully et al., 2002) for crab fisheries in the English Channel, Western Approaches, Celtic Sea and Northern Biscay assemblage 
	Fishery
	Sex
	Slope
	Intercept
	Fleets applied to for simulation

	Channel offshore
	f
	1.66735
	0.34715
	UK & France VIIe, VIIhVIIIa

	Channel offshore
	m
	1.6901
	-0.27715
	UK & France VIIe, VIIhVIIIa

	Channel inshore
	f
	1.62895
	0.7702
	UK & France VIId, Cornwall VIIe

	Channel inshore
	m
	1.58145
	1.98485
	UK & France VIId, Cornwall VIIe

	Celtic Sea
	f
	0.797
	10.1535
	UK, France and Cornwall VIIfg

	Celtic Sea
	m
	1.1577
	6.5878
	UK, France and Cornwall VIIfg



One thousand iterations were carried out to derive stochastic total catches at length and LVPA was applied to estimate stochastic population numbers and fishing mortality. Fishing mortalities, derived from the LVPA, were disaggregated by fleet, according to the ratios of observed catches at length of the contributing fleets, rather than by the ratios of stochastic fleet distributions, as the former was considered to better retain the relative contribution of the fleets. 

However, there was a tendency for wide variability in catch numbers, particularly in the upper tails of the length distributions for the Celtic Sea, which could cause the function to crash or produce spurious solutions from the LVPA consisting of a very high fishing mortality in one of the larger size classes and population at size distributions that suddenly declined when subjected to this extreme F. Numeric solutions could be used to ensure a solution but results were not considered reliable.

The variation developed from these log mean log variance relationships was derived by calculating variances at each level of aggregation and inflating them with each level of raising. This variation therefore encapsulates variation due to process (i.e. natural stochastic variability in the system) and variability due sampling. 

For the projection model we are primarily interested in applying process error so that our derived populations vary at a similar level to real populations. Management feedback is not included because we are investigating technical measures rather than annually applied management measures and therefore modelling the error introduced through sampling is not required. The log mean log variance relationships will therefore tend to produce over estimates of process error. Tully et al. (2002) also investigated relationships between CV and sampling intensity.  This suggested that the tails of the length distributions had high CVs even when sampling levels were high because of the low frequency of these animals and therefore variable chance of encounter even during quite intense sampling. By contrast CVs for length classes with high frequencies (the minimum of CVs for a length distribution) converged with increasing sampling intensity to a level in the region of 0.1 (Figure 7). With very intense sampling, sampling error could be considered negligible and this level of variation could therefore be taken as approximating to process error.

Figure 7. Relationship of minimum CV for length distributions with increasing sampling intensity (Tully et al., 2002).

The Monte Carlo protocol described above was therefore repeated, but using a constant CV of 0.1 on all size classes.  Initially, deviates were generated for each of the three fleets separately and combined before being processed by the LCA. The error distributions for both numbers and fishing mortality for any particular length class appeared normally distributed (Figure 8), while CVs for F showed a dish shaped trend with increasing size and CVs for numbers at size increased with increasing size (Figure 9).
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Figure 8. A sample of cumulative frequency plots for numbers and F at size generated by Monte Carlo simulation of catch length distributions and LCA for ICES sub-division VIIe

Figure 9. Trends in CV by size class for numbers (above) and F (below), derived from Monte Carlo simulation of catch length distributions and LCA for ICES sub-division VIIe

For fishing mortality the dish shaped pattern results from the combination of size distributions across the fleets.  Where a size class is taken by only 1 fleet (i.e. in the tails of the size distribution) the CV corresponds directly to that of the input catch data (0.1), but where several fleets are combined the aggregate numbers are more stable because some fleets go up and others down in each realisation of the Monte Carlo and this therefore reduces the resultant CV for these central classes.  However, this represents a reduction due to improved sampling and is not a reflection of process error. The decline in CV for stock numbers with decreasing size reflects the convergence properties of VPA, so again does not provide a true reflection of process error.  The Monte Carlo was repeated with random deviates generated for the aggregate size distribution rather than at the fleet level.  This produced similar results for CVs on numbers, but with slightly higher CVs, while the trend in CVs for F decreased slightly with increasing size. 

Neither of these approaches was considered to provide good estimates of process error, but they did suggest that given a normal error distribution on numbers at size in the catch, normal error distributions were also produced by LCA for stock numbers and fishing mortality. Subtracting the error due to sampling from the total error estimated throughout a time series of length distributions could provide a means for estimating process error, but the data available for this project only consisted of length distributions for a recent short time period, so this approach was not possible.  It was therefore decided to use a CV of 0.1 for process error on all size classes and to assume normal errors as the default, but to investigate the effects of a lognormal error assumption and higher CVs through alternative scenarios. 

3.2 Experimental design

A base run was carried out using the parameters described above. Subsequent scenarios were run to investigate the effects of increasing effort in all fisheries simultaneously. In the UK fisheries where effort is not capped scenarios investigating increases in effort up to twice that currently in operation were carried out, but for the French fleets, which are limited by licence and effort (number of pots) the maximum increase considered possible was 1.5 times the current effort. Five F multipliers (UK fleets: 1.0, 1.25, 1.5, 1.75, 2.0, French fleets: 1.0, 1.125, 1.25, 1.375, 1.5) were used to investigate increasing fishing effort for the base parameters and alternative error distribution.  For subsequent runs three F multipliers (UK fleets: 1.0, 1.5, 2.0, French fleets: 1.0, 1.25, 1.5) were investigated to reduce the run and processing time. This resulted in a total of 31 scenarios.

Robustness testing included scenarios investigating:
Lognormal (rather than normal) process error distribution on population numbers 
Higher CVs (0.2 and 0.3) for process error distributions on numbers and fishing mortality
Alternative levels of constant recruitment (Multipliers of 1.0, 0.75, 0.5)
Alternative natural mortality model and parameters (continuous annual M= 0.1 and continuous M = 0.05 plus instantaneous moult mortality components of 0.05 both sexes and males 0.07, females 0.03)
Alternative maturity parameters

Summary metrics extracted from the simulations included time series for each area of:
Catch by fleet
SSB

3.3 Results

Results are presented graphically as time series of female SSB (or mature male biomass) and landings (Appendix II). Both metrics are presented separately by sex and area, and landings are also presented separately by fleet.

3.3.1 Base run

In all areas the trajectories for female SSB and mature male biomass in the base run increases over the first five years of the simulation before equilibrating.  This indicates differences between the parameters used for the LCA and those in the simulation. The population numbers and exploitation levels were the same, so this therefore indicates differences in growth and/or the level of recruitment. All runs stabilise to an equilibrium, as would be expected when using constant recruitment. Approximate levels of SSB, mature male biomass and landings (summarised in table 11) show that the major fisheries occur in the western Channel (7e) where all three fleets are active and the western Approaches and northern Biscay (7h8a) where, at least in the model, only the French fleet operates. Smaller fisheries operate in the eastern Channel (7d), where relatively few vessels actively fish for crabs and in the Celtic Sea (7fg), where UK sampling and reporting is poor relative to the other areas. 
Deliverable D3 described the data aggregation and noted the particular problems encountered in 7fg and to a lesser extent 7e, where UK landings were under-represented relative to landings reported under the Cornwall Sea Fisheries permit scheme.  It is also worth noting that although French landings did include inshore fleets, these fleets were not sampled and the length distribution for these fleets may therefore be somewhat biased towards larger crabs.

Table 11. Approximate equilibrium SSB, mature male biomass and landings by area and sex

	
	Tonnes

	Metric\Area
	7d
	7e
	7fg
	7h8a

	Female SSB
	1500
	15000
	3500
	20000

	Mature male biomass
	2500
	14000
	700
	4000

	French female landings
	100
	800
	380
	3600

	UK female landings
	450
	2300
	200
	n/a

	Cornwall female landings
	n/a
	1100
	700
	n/a

	French male landings
	450
	1300
	45
	1100

	UK male landings
	430
	1100
	55
	n/a

	Cornwall male landings
	n/a
	100
	150
	n/a



Landings in 7d were slightly dominated by females in the UK fleets, but dominated by males in French landings. In 7e UK and Cornish landings were mainly females, but French landings contained more males.  In 7fg all fleets landings were mainly females, while French landings from 7h8a were dominated by females. These results naturally reflect the input data used and although French data in 2004/5 and 2006/7 contained more males than females in the catch, this is not considered a true reflection of the sex ratio in the catches over the longer-term.

3.3.2 Effect of increasing F multipliers (fishing effort)

As would be expected, as F multipliers were increased the level of female SSB (top row, figures A2.1-A2.4) and mature male biomass (top row, A2.13-A2.16) at which the simulations equilibrate decreased. This was the case in all areas. 

However, increasing effort tended to result in (median) landings remaining relatively stable or occasionally decreasing (top row, figures A2.25-A2.28 & A2.37-A2.40. Exceptions to this were in the western Channel (top row, figure A2.26) and Celtic Sea where female landings by the Cornish and UK fleets increased slightly (top row, figure A2.27), in northern Biscay where French landings of females increased slightly (top row, figure A2.28) and in the western Channel (7e), where UK landings of males increased slightly (top row, figure A2.38). Decreases in female French landings (figures A2.26 & A2.27) can be explained by the uneven F multipliers applied to the UK (including Cornwall) and French fleets.

3.3.3 Alternative probability distribution for process error and increasing CV

Using a lognormal distribution rather than a normal distribution for process error on population numbers and recruitment resulted in minimal difference in trajectories of SSB and mature male biomass (rows 1 v 2, figures A2.1-A2.4 & A2.13-A2.16) or median landings (rows 1 v 2, figures A2.25-A2.28 & A2.37-A2.40).

Increasing the CV of the normal error distributions for population numbers, recruitment and fishing mortalities resulted as expected in wider uncertainty bounds in the trajectories of SSB and mature male biomass (rows 3 & 4 v 1, figures A2.1-A2.4 & A2.13-A2.16). This increases the likelihood of low and high biomasses, which would result in an increased risk of low stock levels, balanced by increased probability of high stock levels on other occasions.  Median yields were essentially similar for alternative values of CV (rows 3 & 4 v 1, figures A2.25-A2.28 & A2.37-A2.40).

3.3.4 Effect of reduced recruitment

Reducing recruitment to 0.75 and 0.5 of the level used in the base run resulted in considerably reduced levels of SSB and mature male biomass relative to the base run (rows 2 & 3 v 1, figures A2.5-A2.9 & A2.17-A2.20). With recruitment reduced to 75% of the base level, the female SSB and mature male biomass trajectories were generally level in all areas with an F multiplier of 1, but SSB declined slightly and to lower levels at higher F multipliers. With recruitment at 50% of the base level SSB declined for all F scenarios, but to slightly lower levels as F multipliers were increased. 

Median yields also equilibrated at considerably lower levels as the level of recruitment was reduced (rows 2 & 3 v 1, figures A2.29-A2.32 & A2.41-A2.44). Increasing F multipliers resulted in higher yields in the initial years, but subsequently yield declined to the same equilibrium level irrespective of F multiplier. The same exceptions noted in section 3.3.2 were apparent in these scenarios, although possibly to a lesser extent (rows 2 & 3, figures A2.31, A2.32 & A2.42).

3.3.5 Effect of alternative ‘worst case’ maturity ogive

Changing maturity ogives from those estimated for the eastern Channel and western Channel (also used for Celtic Sea and Biscay) to ‘worst case’ ogives, with the size at maturity L50s around 125mm for males and 140mm for females, resulted in more pessimistic outcomes for SSB and mature male biomass in absolute terms (row 4 v 1, figures A2.5-A2.9 & A2.17-A2.20).  However without feedback this is essentially a scaling on SSB and mature male biomass because population numbers are the same.  The median trajectories for yields are therefore identical (row 4 v 1, figures A2.29-A2.32 & A2.17-A2.20)

3.3.6 Effect of alternative assumptions regarding natural mortality

Changing assumptions regarding natural mortality such that rather than being continuous throughout the year at a level of 0.1 it occurs in part continuously, but also has an instantaneous component resulted in a very slight increase in female SSB relative to the base run, when M was 0.05 and female moult mortality was set to 0.05 and a slightly greater SSB when female moult mortality was 0.03 (rows 2 & 3 v 1, figures A2.9-A2.12). Mature male biomass was also slightly higher than the base case when instantaneous moult mortality was set at 0.05 and was almost identical if a slightly higher moult mortality of 0.07 was assumed (rows 2 & 3 v 1, figures A2.21-A2.24). The effect of increasing F multipliers was essentially the same as in the base run regardless of sex.

Equilibrium female landings were increased when the two stage model for natural mortality was introduced and more so when the lower moult mortality of 0.03 was applied (rows 2 & 3 v 1, figures A2.33-A2.36). The effect of equilibrium landings for the UK and Cornwall fleets in the Western Channel and Celtic Sea increasing with increasing F multipliers as French landings decreased, that were noted as exceptions in section 3.3.2 were more apparent in these scenarios (figures A2.34 & A2.35).  However, in Biscay although the absolute level of landings was higher with the two stage mortality model, the increase in female landings with F multiplier noted in section 3.3.2 was not apparent (figures A2.36). 

Median male yields increased for the two stage natural mortality model with moult mortality at 0.05 and also increased very slightly relative to the base case when moult mortality was 0.07. In the eastern Channel the trend for decreasing equilibrium yield with increasing F was more apparent for the French fleet and also apparent for the UK fleet. This was also true for the French fleet in other areas.

3.4 Discussion and conclusions

Increasing F multipliers resulted in reductions in the level mature biomasses for both sexes, but generally did not increase yields.  Where increases in yield were noted, they were slight and an increase for one fleet was usually offset by a decrease for another. Thus we conclude that increasing F will result in reductions to mature biomass and provide no benefits in terms of yield.  

The use of constant recruitment tends to lead to stable equilibria in a relatively short time interval and the model is essentially a per recruit model, apparently with a relatively flat topped curve, which leads to relatively stable yield but declining mature biomass with increasing fishing mortality. This means that as F is increased more crabs are taken, but these are at smaller size than for lower fishing mortalities and the gains in numbers are offset by a reduction in size. YPR curves for UK fisheries based on LCA for tended to be slightly domed assuming M=0.1, but relatively flat topped if M was assumed to be 0.2. Although we have assumed that M=0.1 in these simulations, the moult frequency and increment growth model used results in higher stock productivity than the von Bertalanffy growth curves used for our standard assessments and leads to increasing trajectories for mature biomass at Fsq. 

Reducing the level of recruitment resulted in lower absolute levels of mature biomasses and yields for all areas under all scenarios. The equilibrium level is reached relatively quickly, usually within 4 to 6 years and this suggests that, given the parameterisation of this model, the fishery is quite dependent on recruitment. Therefore if feedback were to be included through a stock recruitment relationship there would be a considerably higher risk reductions in biomass as once SSB declined subsequent recruitment would be impaired resulting in further reduced SSB, etc, etc. 

However, stock recruitment dynamics for edible crabs are very poorly understood, both in terms of understanding the form of any stock recruitment relationship as well as estimating the level of recruitment.  Growth rates for edible crabs are thought to vary considerably between individuals and recruitment to the mature stock is quite late. Crabs may therefore recruit over a wide range of sizes and over several age classes, possibly in the age range 3-5 for the recruiting sizes modelled here. This makes estimation of any stock recruitment relationship difficult. Although we considered using a two-line SRR model for alternative simulations there is little basis for choosing this model as opposed to any other and for deciding on the level of SSB for the inflection point, below which recruitment would decline as well as uncertainty in the age of recruitment and hence the time lag between SSB and recruitment. However, crabs are widely distributed in the waters of northern Europe and ubiquitous within their geographical range.  They are also highly fecund (an average sized female may produce and brood 1-3 million eggs) and brood the eggs, releasing larvae into the water column. The larvae are also in the water column for a sufficient length of time to disperse widely.  These factors would tend to suggest that they should be relatively resilient and that in the event of local depletion recovery could be quite rapid assuming that no multi-species replacement took place.   

Using an alternative maturity ogive resulted in reductions in the absolute level mature biomass compared to the baseline parameterisation, but is essentially a scaling on this metric. Including feedback in the model through a stock recruitment relationship would make investigation of more relevant, but the underlying SRRs would need to be estimated to take account of the alternative maturity ogives if evaluation of the relationship between exploitation and size at maturity were not to be biased. As noted above currently there is very little information on which to base meaningful stock recruitment relationships.

Introducing a two stage model for natural mortality, consisting of instantaneous moult mortality and reduced continuous natural mortality tended to result in slightly lower natural mortality overall. This is because not all crabs moult every year, so natural mortality is reduced and especially so for the larger crabs, which moult less frequently.  

Changing the process error distributions on population numbers and recruitment to lognormal showed no discernable difference with a CV of 0.1.  Differences between distributions would probably be more apparent for higher CVs, but this was not tested. Increasing the CVs for process error distributions increased uncertainty on the mature biomass estimates.  This if uncertainty is higher there would be increased risk of low biomasses, but also increased chances of high biomasses on occasion. In order to understand the implications of this some understanding of stock recruitment relationships would be beneficial. 

The relatively simple scenarios run in this exercise have suggested that given the dynamics estimated and assumed increasing fishing effort for crabs would result in reductions in SSB, generally without increases in yields. However, this assumes constant recruitment and if recruitment were to decline, potentially a response to falling mature biomass levels, then yields would also decline. 

Deliverable D3 described the data aggregation and noted the particular problems encountered in 7fg and to a lesser extent 7e, where UK landings were under-represented relative to landings reported under the Cornwall Sea Fisheries permit scheme.  Section 3.3.1 noted that French sampling did not include inshore fleets and may therefore be somewhat biased towards larger crabs. With the exception of VIId, French fleets’ partial Fs for females are relatively low for crabs in the size ranges just above the EU MLS (140mm).

It should therefore be noted that there is a high level of uncertainty in the parameters used for this modelling exercise and the results should not therefore be used to provide advice for management. They do however highlight the need for a better understanding of stock recruitment relationships for crabs in order to evaluate sustainability, as the scenarios carried out here suggest that both the stocks and fisheries are sensitive to the level of recruitment.  

Fishermen in some areas of the Bay of Biscay and western Channel have commented that the number of juveniles in some areas can sometimes be low and that recruits may migrate from one area to another. Although estimated from historic data, the movement parameters used here implied minimal transfer of crabs between ‘stock/fishery units’. Significant movements by crabs have been demonstrated, but are not easily quantified at the stock level. This model provides a preliminary basis to consider the impacts of large-scale adult stock movements on stocks and fisheries. 

Even this relatively simple set of simulations using constant recruitment have provided a basis to explore the sensitivity of crab fisheries to various biological factors when subjected to increasing fishing effort. With some further development the modelling framework will be useful in exploring further scenarios.  Including a flexible stock recruitment model would increase utility, particularly if this can accommodate relationships at both local (ICES sub-division) and global (all areas combined) scales. This would allow both biological feedback within the model, as well as a consideration of stock structure and movements, which remain sources of uncertainty.
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Abstract

Important edible crab fisheries, prosecuted mainly by France and UK, exist in the English Channel, Celtic Sea and Northern Biscay. These fisheries have existed for decades and although substantial amounts of data have been collected, these are of variable quality. Changes in reporting systems and the distribution of fisheries make interpretation of time series of data difficult. Edible crab stock structure is poorly understood, age and growth rate estimation is difficult and crab biology and behaviour result in spatial, temporal and between sex variations in catchability. Despite large volumes of data being available, the species is considered data poor and stock assessment remains a problem. This study developed and implemented a simulation model for edible crabs using the FLR framework, to evaluate current MLS regimes under increasing fishing effort. Preparatory analyses highlighted problems due to variable quality of commercial data and reliable quantification of some population parameters. A limited set of initial simulations, assuming constant recruitment, indicated few yield gains and reducing equilibrium biomasses with increasing fishing effort. At reduced recruitment levels, biomasses and yields quite rapidly reduced to lower equilibrium levels, suggesting the fisheries were quite dependent on recruitment. A 2-stage natural mortality model (continuous and instantaneous on moulting) resulted in slightly reduced mortality due to infrequent moulting by larger crabs. Despite high uncertainty the study suggested that increased fishing effort offers few gains and could potentially compromise sustainability. However without a stock recruitment relationship (SRR) it was difficult to comment meaningfully on stock resilience and productivity and at present there is little or no evidence on which to base an SRR. Further simulations were carried out to evaluate MLS on a spawner per recruit (SPR) basis by extending the number of size classes modelled to smaller sizes where a significant proportion were mature. Spawner per recruit curves varied slightly between areas reflecting differences in exploitation pattern and level. Spawner per recruit curves were generally very similar across the different growth models and also seemed relatively insensitive to stochastic variation on starting numbers, recruitment and fishing mortality. SPR curves simulated using a two stage natural mortality model declined more rapidly from virgin SPR because lower natural mortality due to low moult frequency for large crabs resulted in much higher values of virgin SPR. The percentage of virgin SPR below the MLS at status quo fishing mortality was small (0.2%-3.3%), while the percentage of current SPR below the MLS ranged from 1.5% to 24.9% and was highest in the areas with both the highest MLS and high fishing mortality. 
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Introduction

The edible crab (Cancer pagurus) fisheries of the English Channel, Celtic Sea and Northern Biscay form the largest crab fishery in Europe and are of considerable importance to UK, France and the Channel Islands (C.I.). Crab fisheries have been established in the English Channel for decades, but over time the UK fleet activity has expanded into more offshore areas of the western Channel, while French fleets have expanded onto grounds southwest of Brittany, close to the shelf edge, and into the Celtic Sea.  The largest crab fisheries are in the western Channel (ICES sub-division VIIe), followed by the Western Approaches and northern Biscay (VIIh & VIIIa), with smaller crab fisheries in eastern Channel (VIId) and the Celtic Sea (VIIfg) and together these comprise the study area (Figure 1). The study area corresponds is considered to be occupied by one stock assemblage of edible crabs, with few links to other major stocks of edible crabs (e.g. North Sea and Malin Shelf), but within the Channel stock assemblage the dynamics and links between fisheries and sub-stocks are not well understood. Highest catches are taken in autumn and female crabs form the majority of the landings. 
Published assessments of the resource and fisheries are limited (Bennett, 1976; Latrouite & Morizur, 1988) and often rely on equilibrium-based methods (e.g. length converted catch curves; Smith, 2006, unpublished). Models dynamically fitted to time series of data often suffer with parameter confounding, and have not often been successful (e.g. ICES, 1998). Management measures within the fisheries include minimum landing sizes (MLS), specified at EU level and with higher limits applied nationally and locally in UK fisheries, licensing schemes and, in France and Jersey (C.I.), effort limitation specified as a maximum number of pots allowed. Pot limits are based on crew number in France and vessel length in Jersey, with an additional maximum allowance in both cases. In recent years some concerns have been voiced regarding the Channel crab stocks in the face of increasing fishing pressure as opportunities for fishing whitefish stocks have declined.

Although data on the fishery have been collected routinely for many years, their quality is very variable in time and space and they cannot necessarily be considered reliable. As a result these fisheries were selected for inclusion as a case study in POORFISH, a European Union (EU) funded research project, aimed to develop and evaluate systems for assessment and management of data poor stocks.  A production model was fitted using a Bayesian estimation framework as the first part of the case study, but this manuscript describes the development and implementation, using the FLR package (Kell et al., 2007) of a relatively simplistic simulation model that aims to capture some of the key features of edible crab biology and behaviour. The aim of the simulations was to evaluate the level of protection provided by the existing MLS regimes in the face of potentially increasing fishing effort. 

Preliminary simulations (documented in Poorfish reports, Poorfish D4s, 2008), assuming constant recruitment, indicated little or no gains in equilibrium yield and reducing equilibrium biomasses with increasing fishing effort. At reduced recruitment levels, biomasses and yields quite rapidly reduced to lower equilibrium levels, suggesting the fisheries were quite dependent on recruitment. A 2-stage natural mortality model (continuous and instantaneous on moulting) resulted in slightly reduced mortality due to infrequent moulting by some larger crabs. Despite high uncertainty, the study suggested that increased effort offers few gains and could potentially compromise sustainability.  However, without feedback via a stock recruitment model (for which insufficient data exist) it was difficult to comment further on sustainability and the simulations were essentially per recruit analyses. Further, the smallest size class above the size at first maturity and therefore not all mature biomass was accounted for and it was not possible to compare SSB levels against a virgin (un-fished) reference level.

In this paper, we present the results from an extended model, which included smaller sizes where there was a significant proportion mature and a series of simulations carried out to produce and compare spawner per recruit curves and evaluate the proportion of SSB below the MLS.  Including smaller size classes entailed increasing the complexity of the growth sub-models in order to allow multiple moults in a single time step.

2.  Materials and methods
2.1 Summary of crab biology and the simulation model 

Crab catchability varies substantially through the year in response to aspects of the life cycle. Most female crabs spawn in late autumn and are ovigerous over the winter period (Dec – May) during which time they are largely inactive and therefore rarely caught by baited traps (Bennett, 1995). After hatching off their eggs the females become catchable again, but catchability may subsequently reduce as moulting takes place through the summer.  During moulting, female crabs are accompanied for a period of around a week by a hard-shelled male and mating takes place. Thus, there may also be a reduction in male catchability during the female moult season. In general males are thought to moult later than females, but this is not clearly quantified our model assumes simultaneous moulting of all individuals. Large crabs will not moult every year, but females have the capability of storing sperm and may therefore be able to spawn in years in which they have not moulted. During autumn, as their eggs develop internally, female crabs feed voraciously and form the main basis of the fisheries. Natural mortality may occur continuously throughout the year, but crabs are thought to be particularly vulnerable to predation when soft and a component of natural mortality may therefore occur instantaneously at the time of the moult. It has also been suggested that female crabs may be subject to lower natural mortality because a male guards them during moulting (Bennett, 1979). 

Work by a number of authors (Edwards, 1965,1971; Mason, 1965; Hancock & Edwards, 1967; Hallbäck, 1969; Gundersen, 1979; Bennett & Brown, 1983; Latrouite & Le Foll, 1989) has shown that edible crabs undertake long distance movements. Generally movements by females tend to be more pronounced and directional, while movements by males are essentially local and random (Bennett, 1995). 

The simulation model developed was length structured and used an annual time step, but aimed to take some account of the biological factors described above by considering moulting (natural mortality and growth), recruitment and movement to occur in sequence and instantaneously, and then be followed by a continuous natural mortality and fishing mortality for the remainder of the year (Figure 2). The model was spatially structured into four areas, reflecting the major fisheries, with up to 3 fleets in each area fleet reflecting the particular MLS regime and national exploitation patterns (Table 1). Recruitment was constant and local to each area and although movement between areas was modelled, the actual rates movement applied were essentially negligible.
2.2 Parameterising the simulation model

2.2.1 Growth

In common with other animals with exoskeletons crustaceans grow discontinuously by ecdysis (moulting) and increasing in size by absorbing water and swelling before the new exoskeleton hardens. This equates to instantaneous growth and although growth over a long time scale may be approximated by the von Bertalanffy (1938) equation, it may be more realistically modelled by two processes describing the frequency of moulting and the growth increment at each moult. 

A number of models have been suggested for moult frequency, including 
a linear relationship between log moult frequency+1 and pre-moult weight (Bennett, 1974),
a linear relationship between moult frequency and pre-moult width (Latrouite & Morizur, 1988), and
a reverse logistic function (Zheng et al.,1995; 1998).

Similarly, alternative models for moult increment have been proposed, based on absolute (Zheng et al.,1995; 1998) and proportional (Bennett, 1974) increments and using normal (Bennett, 1974), beta (Bergh & Johnston, 1992) or gamma (Zheng et al.,1995; 1998) error distributions. These and other potential models tend to have broadly similar behaviours in the range of data available from tag returns for adult crabs, but may diverge widely outside the range of observed data, particularly at smaller sizes. 

Data on moult increment are reasonably abundant since every tag return for a crab that has grown provides a data point, but data on moult frequency require relative proportions of crabs that have and have not moulted over a range of size classes. These data tend to be scarce, particularly at larger sizes where frequency of both recapture and moulting may be low, and are also subject to a range of biases, in particular regarding tag loss associated with moulting. Nonetheless, data were available from a major tagging programme carried out in the English Channel from 1968-1971 (Bennett, 1974) and we used these data to estimate growth rates for this study. A French tagging programme was carried out in 1984 to improve knowledge regarding French edible crab stocks and fisheries in Biscay and the western Channel (Latrouite & Le Foll, 1989). These data have been used to model growth (Latrouite & Morizur, 1988), but we did not have access to the raw data.

A reverse logistic model for moult frequency fitted our data well and was used for preliminary simulations.  However, this model constrains the number of moults per annum to lie between 0 and 1 and for the smaller sizes included in the simulations described here, alternative models were required because it is known that small crabs may moult more than once per year. We pragmatically selected 2 models that were plausible over the range of size classes modelled and also taking some account of extrapolation to very small size. These were a linear fit of moult frequency on log pre-moult width and a linear fit of moult frequency on pre-moult weight (Bennett, 1974).  

Very small crabs, immediately after settling would be expected to moult quite frequently, but once they attain sizes around the first size modelled (70mm) this should have reduced. Graphical illustration of the moult frequency models used (Figure 3 - solid lines) and some other alternatives (Figure 3 – dashed lines) shows that the linear relationship on log width model for moult frequency suggests around 5 moults per year immediately after settlement falling to around 2 moults per year at 60mm CW, between 0 and 1 in the range of the data with a cessation of growth at around 190mm CW. This seems broadly plausible. However, it suggests some overestimation of moult frequency for females when compared to the data in the range 140mm CW to 180mm CW, as do the other linear models based on width. The model behaves similarly for males, but the overestimation is not apparent, however fewer data were available for males and the quality of growth data therefore poorer.  The log linear model based on weight behaves somewhat differently for males and females in the early part of the data when growth might be expected to be similar between sexes. It fits the data well and suggests moult frequency of 3.5 per year for females immediately after settling, remaining quite high at around 3 per year at 60mm CW and 2 per year at 90mm CW, around 1 at 115mm CW, falling to zero at 190mmCW. For males it is around 1.5 immediately after settling and stays at this level around the first simulated size of 70mm, falling to 1 at around 100mm and to zero at around 215mm CW. This could be considered slightly low for the smallest crabs, while suggesting growth continues at quite large sizes. The log linear model on weight also requires the use of a weight length relationship and it is unlikely that this will hold across the full range of crab sizes.  This may be the case for males in particular, which develop increasingly large chelae relative to carapace width, as they get larger. The reverse logistic model for moult frequency used in the preliminary simulations constrains the number of moults per year to between 0 and 1 but allows for small proportions to grow throughout the full size range.  It was no longer suitable when the model was extended to smaller size classes because it is known that small crabs may moult more than once per year. 

On the basis of the two curves used for this evaluation, for females the linear on log width results in lower moult frequency in the range 70mm CW to 125mm CW and higher growth potential from 125mm CW to 180mm CW, at which size grow stops. For males the linear on log width gives slightly higher growth potential from 70mm CW to 90mm CW, after which both curves are very similar.

We also included 2 moult increment models; normally distributed proportional increments and gamma distributed absolute increments, both linearly related to pre-moult width (Table 2). Using relative moult increment with normal errors gives lower growth potential than the absolute moult increment with gamma errors, both at sizes below around 100mm CW and also above around 180mm, with the difference more noticeable for females (Figure 4).

Length cohort analysis (Jones, 1981; 1984; Sparre et al., 1989) was used to estimate population numbers and exploitation patterns and requires the use of von Bertalanffy growth parameters. Published data on crab growth are relatively scarce because of the difficulties in ageing crabs and von Bertalanffy parameters have sometimes been estimated by fixing L∞ a priori and estimating K (e.g. Addison & Bennett, 1992). We used parameters estimated in this way (Smith, unpublished) and which were considered to correspond approximately with Bennett’s (1974) moult increment data for the English Channel (Table 2).

Length weight relationships used for simulation were estimated by Bennett (1974) for crabs in the English Channel (Table 2) and were very similar to estimates based on French data (males 3.44 and –10.87, females 2.89 and –8.27, Latrouite, pers. comm.).

2.2.2 Maturity
Historical studies of crab maturity have used a variety of metrics including changes in external morphometrics such as relative chelae size or abdomen width (e.g. Edwards, 1979), internal examination of gonads (e.g. Hartnoll, 1969; Edwards, 1979; Lawler, 2006, unpubl.), and the presence of sperm plugs in the oviducts (e.g. Edwards, 1966). In general these have suggested that characteristics of maturation can be seen at sizes well below the minimum landing sizes applied in the English Channel. However, Edwards (1966) found that although there may be evidence for biological maturity, twenty female crabs with sperm plugs held in tanks for 12 months did not spawn, so size at maturity estimates based on secondary characteristics may not be fully representative of functional maturity.  Recent work (Tallack, 2002) for crabs from higher latitudes and the estimates of Latrouite & Noël (1993) for the Western Channel have suggested comparatively larger sizes at maturity, although still close to or below MLS applying in the Channel). For the simulations we used the unpublished maturity ogives estimated by Lawler (2006), which were based on internal examination of gonads and were available for the eastern and western Channel, as well as a conservative set of L50% maturity parameters (Table 2). 

2.2.3 Natural mortality

Natural mortality for edible crabs is thought to be relatively low and usually assumed to be around 0.1, but some authors (e.g. Addison & Bennett, 1992) have also carried out alternate investigations using values of 0.2 and 0.3. However, crabs may be vulnerable to predation when moulting and linking a component of natural mortality to the moulting process may provide a biologically realistic means of introducing size and growth related natural mortality. On the basis of laboratory studies, Edwards (1979) suggested that death during moulting was relatively low, at around 5%, but this does not account for predation under natural conditions. It has been suggested that female crabs may have a lower mortality associated with moulting as they are paired with a male during this time and therefore receive some level of protection (Bennett, 1979). Our modelling approach permits instantaneous moulting mortality rates to be specified independently for each sex. 

Natural mortality was therefore modelled as two components, one occurring instantaneously during moulting and therefore only applying to the proportion of the population that grows in each year, and the second continuous and acting on the whole population throughout the year. Parameter values are given in Table 2.

2.2.4 Movement between stock/fishery areas

Tagging programmes carried out in the late 1960s and early 1970s have indicated that some edible crabs undertake extensive movements in the study area (Bennett & Brown, 1983). Movements were more common and more extensive offshore than inshore. French tagging programmes have also indicated extensive movements by adult female crabs between inshore northwest Brittany grounds and the deeper water La Chapelle Bank (Latrouite & Le Foll, 1989). It is generally thought that the systematic movements by female crabs are related to movement to suitable spawning grounds where they remain relatively inactive over-winter, while males undertake less extensive and generally random movements. 

Bennett’s substantial hardcopy tag return data (2700 entries) were digitised and analysed to determine the rates of crab movements corresponding to the annual time step of our simulation model and the approximate distance between the centre of one crab fishery and the centre of its neighbours. This was taken as the proportion of crabs released in June/July and recaptured 100 miles or more distant after a time period of approximately a year (300-420 days). Results suggested that movement between the major fishery areas was relatively limited, even for females. The result was little changed when constraints on release time were slackened and it was therefore assumed 1% of females and zero males migrate into the south- westerly neighbouring fishery area annually. Data were only available for releases in ICES sub-divisions VIId and VIIe (these sub-areas also representing most recaptures). Movement rates were applied in all areas assuming a general pattern of southerly or westerly directions, against the prevailing current regime.  

2.2.5 Fishing mortality and initial population numbers

Fishing mortality (F) was modelled through a series of vectors of partial Fs by size class for each fleet and area combination. These reflect recent exploitation levels and pattern for each active fleet/area combination and therefore the effort and MLS regime recently in place. Changes in fishing effort were effected by applying F multipliers to scale the vectors of area and fleet structured partial Fs, while exploitation pattern was held constant as indicative of the current MLS regime and spatial distribution of fisheries. Mortality (fishing and continuous natural mortality) was applied using the Baranov (1918) catch equations and an annual time step.

Total fishing mortality level and patterns and initial stock numbers for each fishery area were derived using length based virtual population analysis (LVPA). Partial Fs for the fleets in each area were then derived by partitioning the total F according to fleet catch numbers at length. Partial Fs for the largest 5 size classes (including) were smoothed by bringing forward a running mean of the previous 3 length classes to avoid the rapid reduction in partial F at these sizes, which was considered a sampling artefact. Population numbers for these classes were estimated by projection. Population numbers in general were expressed as average annual numbers, rather than the survivors at the start of each length class, because the simulation model has an annual time step.

2.2.6 Recruitment

Crab recruitment is very poorly understood. Stock identities are not well defined, while difficulties with ageing, systematic population movements, variability in growth and relatively late recruitment to the fishery all contribute to uncertainty. There is very little information on which stock recruitment relationships could be based and we therefore opted to model recruitment locally for each of the stock/fishery units considered in the model as constant with stochastic variability. The level of recruitment was kept constant in this analysis, thus equating to a stochastic per recruit analysis.

Recruitment was implemented as an instantaneous input of population numbers over a number of the smaller size classes. To estimate recruitment, average annual population numbers at length derived earlier, using LVPA, were projected forward for one year. Assuming equilibrium the numbers of crabs in each length class should remain constant and recruitment must replace the numbers of crabs lost to fishing and natural mortality through the year and those survivors moulting out of a recruiting length class. However, some already recruited crabs may moult into another recruiting length class and these must be discounted from the recruitment estimate. This procedure resulted in vectors of recruitment by length class for each sex in each area. 

This estimation did not take account of emigration, which pre-analysis suggested was relatively low at the scale of the stock/fishery units used. The distributions of recruitment proportions by length class were identical within sex, for the un-fished population, reflecting the same growth and natural mortality models being used for all four areas and the fact that in this analysis recruitment occurred at sizes below the size at first selection.

2.2.7 Variability on numbers, recruitment and fishing mortality

Random variability intended to model process error was included on initial population numbers, recruitment and fishing mortality. Measurement error, due to sampling and assessment, and implementation error due to imperfect management implementation were not modelled because no management feedback is included. We investigated the use of log mean log variance relationships available from work carried out during a previous EU project (Tully et al., 2002), but these included measurement error. Investigations of relationships between CV and sampling intensity suggested that the tails of the length distributions had high CVs even when sampling levels were high because of the low frequency of these animals and therefore variable chance of encounter even during quite intense sampling. By contrast CVs for length classes with high frequencies (the minimum of CVs for a length distribution) converged with increasing sampling intensity to around 0.1 (Tully et al., 2002). With very intense sampling, sampling error could be considered negligible and this level of variation could therefore be taken as approximating to process error. Monte Carlo simulated catch length distributions using these CVs were used as input to length structured VPA to produce error distributions for numbers and fishing mortality at length. Distributions at length appeared normally distributed, but the magnitude of CVs by length class decreased with decreasing size for numbers and were dish shaped for fishing mortality. CVs for population numbers were influenced by convergence in the VPA, while the number of fleets (=length distributions) in the Monte Carlo exerted an influence on CVs for fishing mortality. However, as neither of these reflected process error a CV of 0.1 was used for process error on all size classes and normal errors were assumed as the default because preliminary investigations had suggested lognormal error assumptions made little difference to the results. 
2.3 Experimental design

The simulations aimed to compare the effects of: 
2 moult frequency models,
2 moult increment models,
2 natural mortality models, and
2 alternative ogives for proportion mature.

Rather than carrying out the full range of potential scenarios, pairs of runs were compared, thereby reducing the requirement for both computer run-time and analytical time (Table 3). For each scenario nine F multipliers were applied ranging from 0-1.6 in steps of 0.2. Whereas in preliminary simulations, F multipliers for the French fleet had been increased at half the rate of UK fleet F multipliers, in the simulations reported here all F multipliers were increased equally. Previous simulations projected the population for 10 years, but as recruitment was now at smaller size, this was extended to 15 years in order to allow more time for the population to reach equilibrium.

3.  Results

Trajectories of SSB (female) generally tended to equilibrate within 15 years for F multipliers of 0.4 or more and were well converged at status quo fishing mortality (Fsq) (Figure 5). However, for simulations with zero F this was not the case and these runs were extended to 50 years in order to obtain estimates of virgin SSB (Figure 5). Scenarios with an F multiplier of 0.2 were run for 15 years, accepting that the final year SSB will be an underestimate of the equilibrium value (Figure 5).

Deterministic spawner per recruit curves (Figure 6) showed two relatively distinct patterns, with scenarios based on the two stage (moult dependent) model for natural mortality declining more rapidly from virgin SPR, as increasing fishing mortality was applied, than the remaining scenarios. This pattern was apparent for all areas and for both sexes. Variation in spawner per recruit curves between areas was relatively low. 

Percentage virgin SPR at F status quo for females was highest in Northern Biscay followed by the Western Channel, while for males it was highest in the western Channel followed by Northern Biscay. This result was consistent across all scenarios as well as two standard length structured spawner per recruit analyses carried out using similar von Bertalanffy growth parameters (Table 4). The Eastern Channel and Celtic Sea both had lower %SPR and varied between third and fourth rank for females and tended to be very similar for males. In the standard SPR analyses the Celtic Sea was ranked third for females as was the case for scenarios 1, 4, 11 & 12 (females). Stochastic spawner per recruit curves (Figure 7) showed very little variation from the median value. 

Female percentage virgin spawner per recruit at status quo F varied between 10.6% and 20.2% across areas for scenarios with continuous natural mortality and between 6.6% and 10.5% for scenarios including instantaneous moult mortality. The standard SPR analysis gave results varying from 9.4% to 20.4% for females depending on area and maturity ogive used (Table 4). 

Female percentage virgin spawner per recruit at status quo F tended to be highest for scenario 3 followed by scenario 1 and 4 and then scenario 7. The two stage mortality scenarios (9,11,12) were all lower. For males the rank in order of decreasing % virgin SPR was scenario 1, 4, 7, 3 (Table 4). 

The proportion of SSB below nominal MLS (130mm in Northern Biscay and 140mm elsewhere) was only considered for females, as even after extending the size range down to 70mm a significant proportion of males would mature below this size. The proportion of SSB below the size limit, expressed as a percentage of virgin SSB, was highest in the Western Channel (scenarios 1, 3, 4 & 9) or Celtic Sea (scenarios 1, 4, 7, 11 & 12) and lowest in Northern Biscay in all scenarios (Table 5). Expressed as percentage of current SSB, variation was much wider and the rank was highest in the Celtic Sea, followed by the Western Channel, Eastern Channel and Northern Biscay for all scenarios except scenario 7, where the Eastern Channel was ranked above the Western Channel (Table 5). 

Levels of the spawning biomass below the MLS as % virgin SPR were between 0.3% and 3.3% dependent on area for scenarios using the continuous mortality model and between 0.2% and 1.6% for the 2 stage natural mortality model. Levels of the spawning biomass below the MLS as % current SSB were between 1.7% and 24.9% dependent on area for scenarios using the continuous mortality model and between 1.5% and 22.9% for the 2 stage natural mortality model.

A standard length structured SPR analysis using von Bertalanffy parameters considered broadly comparable gave similar results in terms of rank and the levels of % virgin SPR and % current SPR were generally central within those obtained from the simulations.

4.  Discussion

The most obvious difference between spawner per recruit curves was due to the introduction of the 2 stage natural mortality model where part of natural mortality was linked with moulting. SPR for runs including this model declined more steeply from the virgin level and to lower levels overall.  This reflects the fact that natural mortality for the larger crabs is reduced as moult frequency ceases in these runs, resulting in a large population of large crabs with low natural mortality as fishing mortality is reduced.  Virgin SPR is therefore much higher than in other runs where natural mortality is greater. Regional variation in spawner per recruit relative to virgin at status quo fishing mortality was quite low and the rank order followed the relative level of fishing mortality applying in each area. Stochastic SPR curves showed very little variation about the median value. This was thought to reflect a number of aspects including that error was applied only to a few variables and was of relatively low magnitude (CV=0.1); by running to equilibrium the effect of variation introduced by the starting numbers was removed; that a large number of size classes resulted in much stochastic variability cancelling out and by calculating percentage virgin SPR within iteration; systematic iteration based variability was cancelled out in the division by virgin SSB. 

For females and continuous natural mortality, the highest % virgin SPR at Fsq was obtained from scenario 3 which had a log linear function of premoult weight for moult frequency and equated to fast growth in the smaller sizes (<125mm CW) and slow growth between 125mm CW and 190mm CW.  The comparable scenario for females with the 2 stage model for natural mortality also produced the highest % virgin SPR at Fsq.  For males, this moult frequency model produced the lowest % virgin SPR at Fsq, corresponding to the fact that for males it suggested growth potential was low at small sizes and similar to the alternative model for moderate and larger sizes. Comparisons of scenarios with alternate moult increment models suggested the effect of these was quite small with the relative moult increment with normal errors producing slightly higher %virgin SPR at Fsq than the absolute increment with gamma errors for both sexes.  This appears counter intuitive as the former appears to offer slightly lower growth potential (Figure 4), but it may be that this is realised to a greater extent for virgin SPR than when fishing mortality acts on the population.
The proportion of virgin SPR below the size limit reflected the MLS regime of the areas, being highest in the Western Channel or Celtic Sea where the UK Government and Cornwall SFC apply higher limits and lowest in Northern Biscay where the smallest size limit was in place.  The % virgin SPR protected by the MLS was small, 0.2%-3.3% for the simulation runs and 0.1%-2% from the standard per recruit analysis (Table 5), when considering that these are fisheries where a large proportion of the population may be mature before entry to the fishery.  However, exploitation is quite high and natural mortality assumed quite low so when fishing pressure is removed the estimated virgin populations are large and resultant % virgin SPR values are relatively low. 
Expressing the SSB below the MLS as a percentage of current SSB provides a measure of the importance of the MLS under current conditions. However, it is important to bear in mind that the current exploitation level is also crucial in this consideration as at very high exploitation levels %SSB<MLS will tend to increase towards 100%, at a point where all crabs above the MLS are removed. On this basis the protection afforded to SSB by the MLS varied from 1.5% to 24.9%. It was highest in the Celtic Sea where a high MLS regime is in place and exploitation level was also estimated as high. However it should also be borne in mind that this is the area of poorest data quality and during data compilation, problems with raising, that were considered likely to result in overestimation of F, were highlighted.  The second area where protection due to the MLS was high was the Western Channel, again an area with high MLS and where the same problems with data aggregation were encountered but were less severe.  The area where protection due to the MLS was lowest was Northern Biscay, where there is a relatively low MLS and fishing mortality was estimated to be relatively low. However, it should also be noted that some concerns were raised with data aggregation for this area, where only length data for the offshore fleets were available, and which had the opposite effect to those mentioned earlier and were likely to have resulted in underestimation of F on the smaller sizes of crabs in the retained catch.  
Taking account of these concerns with the data the level of protection to current SSB afforded by the MLS was estimated to be in the region of 6%-25% in the Western Channel and Celtic Sea where the highest MLS regime is in place, but this could be lower if F has been overestimated. In the Eastern Channel the level of protection was estimated to be in the region of 4%-17%, while in Northern Biscay, where the lowest MLS regime in the study area is found it was estimated to be in the range 1.5%-9%, but this could be higher if F was underestimated. The standard length structured SPR analysis gave largely similar results with a range from 0.8%-15%. The MLS regimes therefore appear to play a small, but sometimes-significant role in protecting spawning potential and their importance is increased as fishing pressure increases. 
In this case study a considerable amount of time was invested in collating data, estimating parameters and investigating the behaviour of certain models, even though crab fisheries are considered data poor. However, the case study has highlighted the dependence of results on biological parameters and the need for better biological data and quantification of the key life processes for crabs, such as growth, natural mortality and the relationship between stock size and recruitment. Ongoing tagging work in the study area by Cefas may provide new insights into these processes as well as others, such as movement, which were not included to a significant extent in this exercise.  
The model developed and applied has enabled some conclusions to be drawn from the initial simulations regarding the implications of increasing will fishing effort for SSB and yield and the importance of recruitment to the fishery. The simulations described here have provided some further insights regarding the likely impact of different MLS regimes for SSB and have highlighted issues regarding lack of quantitative knowledge on crab growth and natural mortality and potential interactions between them. In addition the model developed is likely to provide a useful framework with which to investigate the implications of these and other biological processes as data become available from future programmes. 
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Figures and tables

Figure 1. Poorfish edible crab case study area


Figure 2. Schematic representation of the simulation model


Figure 3. Moult frequency models used and some other alternatives

Figure 4. Relationships between moult increment and pre-moult size. Data and fitted models with 95% CIs. Top row absolute moult increment, bottom row proportional moult increment. Blue lines: Linear relationship of absolute moult increment with gamma errors. Green lines: Linear relationship of proportional moult increment with normal errors. Red dashed lines: Linear relationship of proportional moult increment of Latrouite & Morizur (1988) 


Figure 5. Trajectories for scenario 1 SSB (female) - Clockwise from top left, F multipliers of 0.4, 1.0, 0.0 and 0.2


Figure 6.  Spawner per recruit curves derived (as final year SSB) from the simulations, by sex, area and run


Figure 7.  Median, 5th and 95th percentile of spawner per recruit curves derived (as final year SSB) from run 1, by sex, area

Table 1. Summary MLS regimes (by sex where different) modelled by area and fleet combination
	Fleet\Area
	Eastern Channel
	Western Channel
	Western Approaches and Northern Biscay
	Celtic Sea

	France
	140 mm
	140mm
	130mm
	140mm

	UK
	140mm
	140mm female 160mm male
	
	140mm female 160mm male

	UK Cornwall
	
	150mm female 160mm male
	
	150mm female 160mm male





Table 2. Summary of biological models and parameters 
	Model
	Model
	Sex
	Parameter 1
	Parameter 2
	Parameter 3

	Growth – moult frequency
	Reverse logistic
	M
	φ: 0.0000214
	ω: -0.07015
	

	
	
	F
	φ: 0.00000034
	ω: -0.103318
	

	
	Linear on log premoult width
	M
	a: -1.6431
	b: 8.6992
	

	
	
	F
	a: -1.6367
	b: 8.6074
	

	
	Linear on premoult weight
	M
	a: -0.00237
	b: 5.09688
	

	
	
	F
	a: -0.00497
	b: 5.87645
	

	Growth moult increment
	Absolute & gamma errors
	M
	a: 0.16055
	b: 11.3436
	β: 71.584

	
	
	F
	a: 0.03252
	b: 25.0858
	β: 98.1624

	
	Relative & normal errors
	M
	a: -0.07152
	b: 34.2189
	

	
	
	F
	a: -0.12797
	b: 39.3911
	

	Growth  
	von Bertalanfy
	M
	L∞: 240mm
	K: 0.181
	

	
	
	F
	L∞: 240mm
	K: 0.168
	

	Weight length relationship
	Ln(Wt)= aLn(CW)+b
	M
	a: 3.388
	b:  -10.64
	

	
	
	F
	a: 2.848
	b:  -8.03
	

	Maturity L50% (mm)
	Ogive L50%
	M
	E. Channel: 105
	W. Channel: 95
	Alternative: 125

	
	
	F
	E. Channel: 126
	W. Channel: 114
	Alternative: 140

	Natural mortality
	Single continuous M
	M
	0.1
	
	

	
	
	F
	0.1
	
	

	
	2 stage model
	M
	Moult: 0.07
	Continuous: 0.05
	

	
	
	F
	Moult: 0.03
	Continuous: 0.05
	




Table 3. Summary of sub-model combinations run 
	Run
	Natural mortality
	Moult frequency
	Moult Increment
	Maturity

	1
	Continuous
	Linear on Log width
	Proportional Normal
	11

	3
	Continuous
	Log linear on weight
	Proportional Normal
	11

	4
	Continuous
	Linear on Log width
	Absolute Gamma
	11

	7
	Continuous
	Linear on Log width
	Proportional Normal
	22

	9
	Moult linked
	Log linear on weight
	Proportional Normal
	11

	11
	Moult linked
	Linear on Log width
	Proportional Normal
	11

	12
	Moult linked
	Linear on Log width
	Absolute Gamma
	11


1 Maturity regime 1 corresponded to maturity ogives estimated by Lawler, 2006 (unpublished) for the eastern Channel and Western Channel (used for all other areas)
2 Maturity regime 2 corresponded to higher maturity L50s applied in all areas, similar to Latrouite & Noel (1993) and the higher estimates of Tallack (2002).

Table 4. Current SSB expressed as percentage of virgin, derived from the simulation model and standard length structured approach, with broadly comparable parameters

	Female
	% Virgin SPR at Fsq
	
	

	Run
	VIId
	VIIe
	VIIfg
	VIIhVIIIa

	1
	12.9
	16.2
	13.5
	18.8

	3
	13.6
	16.7
	13.5
	20.2

	4
	12.8
	16.1
	13.4
	18.6

	7
	11.4
	13.3
	10.6
	15.8

	9
	7.0
	8.6
	6.9
	10.5

	11
	6.6
	8.3
	6.9
	9.7

	12
	6.6
	8.2
	6.8
	9.6

	LCA_PR1
	11.1
	14.5
	13
	20.4

	LCA_PR22
	9.4
	11.1
	10.3
	17.1

	
	
	
	
	

	Male
	% Virgin SPR at Fsq
	
	

	Run
	VIId
	VIIe
	VIIfg
	VIIhVIIIa

	1
	10.7
	13.5
	10.8
	11.9

	3
	9.2
	12.0
	9.3
	10.5

	4
	10.5
	13.2
	10.5
	11.6

	7
	10.0
	12.2
	9.9
	10.8

	9
	4.7
	6.1
	4.7
	5.3

	11
	5.4
	6.8
	5.4
	6.0

	12
	5.3
	6.6
	5.3
	5.8

	LCA_PR1
	10.1
	18.2
	12.1
	13.0

	LCA_PR22
	8.7
	16.3
	10.8
	11.0



1 LCA_PR is a comparable standard length structured spawner per recruit analysis
2 LCA_PR2 a similar analysis with the alternative ‘worst case’ maturity ogive

Table 5. Spawning stock biomass (female) below the MLS at Fsq expressed as percentage of virgin and current SSB by run and area
	
	%VirginSPR<MLS 
	%CurrentSPR<MLS 

	Run
	7d
	7e
	7fg
	7h8a
	7d
	7e
	7fg
	7h8a

	1
	2.1
	3.3
	3.3
	1.7
	16.3
	20.1
	24.6
	8.8

	3
	0.6
	1.1
	0.9
	0.3
	4.4
	6.4
	6.9
	1.7

	4
	2.2
	3.3
	3.3
	1.4
	16.7
	20.2
	24.9
	7.7

	7
	1.2
	1.2
	1.3
	0.5
	10.7
	9.3
	12.3
	2.9

	9
	0.3
	0.5
	0.4
	0.2
	4.1
	5.9
	6.4
	1.5

	11
	1.0
	1.5
	1.6
	0.8
	14.8
	18.2
	22.6
	7.9

	12
	1.0
	1.5
	1.6
	0.7
	15.2
	18.4
	22.9
	6.9

	LCA_PR1
	0.9
	1.9
	2.0
	0.9
	8.5
	13.5
	15.0
	4.2

	LCA_PR22
	0.4
	0.4
	0.4
	0.1
	4.5
	3.8
	4.5
	0.8



1 LCA_PR is a comparable standard length structured spawner per recruit analysis
2 LCA_PR2 a similar analysis with the alternative ‘worst case’ maturity ogive
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  Premoult size  

  120  125  130  135  140  145  150  155  160  165  170  175  180  185  190  195  200  205  210  215  220  225  

Postmoult  size  120  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

125  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

130  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

135  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

140  0.01  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

145  0.30  0.01  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

150  0.57  0.28  0.01  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

155  0.12  0.58  0.26  0.01  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

160  0.00  0.13  0.58  0.25  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

165  0.00  0.00  0.14  0.59  0.23  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

170  0.00  0.00  0.01  0.15  0.59  0.21  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

175  0.00  0.00  0.00  0.01  0.17  0.59  0.20  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

180  0.00  0.00  0.00  0.00  0.01  0.18  0.59  0.19  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

185  0.00  0.00  0.00  0.00  0.00  0.01  0.20  0.59  0.17  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

190  0.00  0.00  0.00  0.00  0.00  0.00  0.01  0.21  0.59  0.16  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

195  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.01  0.22  0.58  0.15  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

200  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.01  0.24  0.58  0.14  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

205  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.02  0.25  0.57  0.13  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

210  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.02  0.27  0.56  0.12  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

215  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.02  0.28  0.55  0.11  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

220  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.02  0.30  0.54  0.10  0.00  0.00  0.00  0.00  0.00  0.00  

225  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.03  0.35  0.90  1.00  1.00  1.00  1.00  1.00  1.00  
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  Premoult size  

  120  125  130  135  140  145  150  155  160  165  170  175  180  185  190  195  200  205  210  215  220  225  

Postmoult  size  120  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

125  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

130  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

135  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

140  0.01  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

145  0.16  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

150  0.50  0.12  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

155  0.29  0.47  0.08  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

160  0.04  0.34  0.42  0.06  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

165  0.00  0.07  0.39  0.36  0.04  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

170  0.00  0.00  0.10  0.43  0.31  0.03  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

175  0.00  0.00  0.01  0.14  0.45  0.25  0.02  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

180  0.00  0.00  0.00  0.01  0.18  0.45  0.20  0.01  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

185  0.00  0.00  0.00  0.00  0.02  0.22  0.45  0.16  0.01  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

190  0.00  0.00  0.00  0.00  0.00  0.04  0.27  0.42  0.12  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

195  0.00  0.00  0.00  0.00  0.00  0.00  0.06  0.31  0.39  0.09  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

200  0.00  0.00  0.00  0.00  0.00  0.00  0.01  0.08  0.35  0.35  0.07  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

205  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.01  0.11  0.38  0.31  0.05  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

210  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.02  0.15  0.40  0.27  0.04  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

215  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.02  0.18  0.40  0.23  0.03  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

220  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.04  0.22  0.40  0.19  0.02  0.00  0.00  0.00  0.00  0.00  0.00  0.00  

225  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.06  0.34  0.79  0.98  1.00  1.00  1.00  1.00  1.00  1.00  1.00  
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