Putting the Catch-MSY Method to a Test: Preliminary Insights 
Rainer Froese, 29 February 2012

Introduction 

Martell and Froese (submitted) propose a new method for estimating maximum sustainable yield (MSY) from a time series of catch data, resilience of the species, and estimations about depletion, i.e., relative stock abundances at the beginning and the end of the time series. The Appendix from their paper, which describes the Catch-MSY method, is also appended here. The R-source code of the method was made available at the WKLIFE workshop held at IPIMAR in Lisbon, 13-17 February 2012. The workshop aimed to find simple stock assessment and harvest control procedures for data-poor stocks.  

Outline of the Catch-MSY method

The simplest model-based methods for estimating MSY are production models such as the Schaefer model (1954). At a minimum these models require time series data of abundance and removals to estimate two model parameters: the carrying capacity k and the maximum rate of population increase r for a given stock in a given ecosystem. Given only a time series of removals, a surprisingly narrow range of r-k combinations is able to maintain the population such that it neither collapses nor exceeds the assumed carrying capacity. Possible r-k combinations can be restrained further by adding estimations of relative population sizes at the beginning and end of the time series, effectively adding stock-depletion information to the analysis. The set of viable r-k combinations can be used to approximate MSY. See Appendix I for a more detailed description and relevant equations.       
Application of the Catch-MSY method at the WKLIFE workshop
Participants at the workshop filled in spreadsheets with life-history information and catch data for selected data-rich and data-poor ICES stocks. These life-history entries were then compared with parameter estimates from various empirical equations, for detection of unlikely values. The main goal here was to get reasonable estimates of the von Bertalanffy growth parameter K and of natural mortality M. These estimates were then used to set a lower limit for the prior range of r, an input value that mildly influences the resulting estimates of MSY but strongly influences the estimates of r and k resulting from the Catch-MSY method.  

If no other information was given, the Catch-MSY method assumed that biomass at the start of the time series of catches was 0.5 k (i.e, 50% depletion), and that biomass at the end of the time series was in the range of 0.01 k to 0.6 k (40%–99% depletion). Random samples of the carrying capacity parameter (k) were then drawn from a uniform distribution where the lower and upper limits were given by the maximum catch in the time series and 100 times maximum catch, respectively. 
As most probable values from the resulting density distributions the Catch-MSY method uses the geometric means of r, k, and MSY, where MSY is calculated from the viable r-k pairs (see Appendix I). As measure of uncertainty the Catch-MSY method uses two times the standard deviation of the logarithmic mean. This implies that, with a roughly log-normal distribution, about 95% of the MSY estimates would fall within this range.

If no prior information for r was given, resilience estimates from FishBase were used. These are based on Musick (1999) as modified by Froese et al. (2000), and assign ranges of the maximum intrinsic rate of population increase r to species, according to known values for other life history traits (Table 1). 
Table 1. Default values used by the Catch-MSY method, based on resilience assignments in FishBase, where K is the von Bertalanffy growth parameter, tm is the age at 50% maturity, tmax is the maximum age, and r is the resulting range of the maximum intrinsic rate of population increase. Assignment to a resilience category is based on the lowest match with existing life history data. For example, an average annual fecundity of less than 10 pups would put a species into the Very low resilience category, even if its maximum age would put it into the Medium resilience category.
	Resilience
	High
	Medium
	Low
	Very low

	K (1/year)
	> 0.3
	0.16 – 0.3
	0.05 –  0.15
	< 0.05 

	tm (years)
	< 1
	2 – 4
	5 – 10 
	> 10

	tmax (years)
	1 – 3
	4 – 10
	11 – 30
	> 30

	Fecundity (n/year)
	> 10,000
	100 – 1000
	10 – 100
	< 10

	r (year-1)
	0.6 – 1.5
	0.2 – 1
	0.05 – 0.5
	0.015 – 0.1


Blue Ling

An example of the data collection spreadsheet for the Blue Ling (Molva dypterygia, bli-comb) is shown in Table 2. For the Catch-MSY analysis, a prior range for r was chosen as r = 0.18 – 1, where 0.18 was taken from the estimate for natural mortality, which in a given population should be smaller than r. The upper range for r was set to 1. The population was largely unexploited at the beginning of the time series, so the relative biomass at that point was set to 0.9 k. The population was overfished in 2004, so an intermediate biomass range of 0.01 – 0.4 k was set for that year. The stock recovered thereafter, so a final biomass range of 0.1 – 0.4 k was set for the year after the last catch. 
A variety of empirical equations was used to contrast the provided information and to detect potential outliers, see Table 3 and Appendix II. This exercise was meant to increase confidence in the prior information. It also helped to get a feeling where the stock abundance may have been at the beginning and the end of the time series of catches. Running the Catch-MSY analysis with the input shown in Table 2 plus catch data resulted in an MSY estimate with confidence limits that seemed appropriate for this stock, given that catches above that level preceded the known decline in biomass below Bmsy. Fmsy = ½ r = 0.12 (0.09 – 0.165) is slightly lower than a previous estimate  Fmsy = 0.144 which was based on the rule of thumb that Fmsy = 0.8 M and recent M estimates.  
Table 2. Life history data for Blue Ling in ICES Vb, VI, VII and XII, with Inputs used for the Catch-MSY method and results from running the analysis. 
	Species
	Molva dypterygia
	Specific name, e.g. morhua

	Common name
	Blue ling
	Common name used in assessment, e.g. Atlantic Cod

	Stock area
	ICES Vb, VI, VII and XII
	Detailed definition of stock area, e.g. "North Sea, IV, VIId and IIIa"

	Stock-ID
	bli-comb
	Code used for this stock, e.g. cod-347d

	Resilience
	Low
	High, Medium, Low, or Very Low, see Table 1.

	Lmax (cm)
	148
	Maximum length known for this stock, e.g. 120

	Lm (cm)
	85
	Length where 50% of the larger sex reach maturity, e.g. 40

	Lc (cm)
	90
	Length that is fully selected by the gear, e.g. 35

	Lmean (cm)
	90.2
	Recent mean length in the catch, e.g. 48.5

	Wmax (g)
	19600
	Maximum weight known for fish from this stock, e.g. 23000

	Wmean (g)
	4566
	Mean weight in catch, e.g. 1120

	tmax (years)
	25
	Maximum age known for the stock, e.g. 15

	tm (years)
	9
	Age where >=50% of the larger sex reach maturity, e.g. 4

	tc (years)
	9
	Age that is fully selected by the gear, e.g. 2

	M (1/year)
	0.18
	Adult mortality rate, e.g. 0.26

	Fmsy (1/year)
	0.144
	Best estimate (guess) for F that will produce MSY, e.g. 0.19

	F [year]
	0.1
	Best estimate of recent F, e.g. 0.68 [2010]

	F / Fmsy
	Below
	Best guess whether recent F is below, around, or above Fmsy.

	CPUE trends
	increasing
	Broad recent trends in catch per unit effort

	B / Bmsy
	below
	Best guess whether recent biomass is below, around, or above Bmsy.

	Linf (cm)
	140
	asymptotic length, VBGF parameter, e.g. 110

	VBGF K (1/year)
	0.13
	rate of growth, VBGF parameter, e.g. 0.13

	to (year)
	1
	age at zero length, VBGF parameter, e.g., -0.2

	Phi'
	3.41
	Index derived from Linf and K.

	a
	0.00116
	parameter of length-weight relationship, e.g. 0.01

	b
	3.273
	parameter of length-weight relationship, e.g. 3.0

	Input for Catch-MSY method
	
	

	prior range for r 
	0.18 - 1
	

	1st B / k
	0.9
	Best guess of biomass / carrying capacity ratio at first year of catch 
data, default 0.5

	last+1 B / k range
	0.1 - 0.4
	Best guess of B/k range after last year with catch data, e.g. 0.01 - 0.1,
 default 0.01 - 0.6

	intermediate B / k range [year]
	0.01 - 0.4 [2004]
	Best guess of intermediate B/k range, e.g. 0.01-0.3 [1992], default none

	Output of Catch-MSY method
	
	

	MSY (+/- 2 SD)
	11,649 
(10,495 – 12,930)
	

	r (+/- 2 SD)
	0.24 
(0.18 - 0.33)
	

	k (+/- 2 SD)
	193,257 
(155,267 – 240,544)
	


Table 3. Comparison between provided life history traits and predictions from empirical equations.

	Correlations and empirical equations, for cross-checking of provided data.

	M as provided
	0.18

	Mean temperature T (Co)(needed for next)
	10

	VBGF (Pauly 1980)
	0.19

	from tmax (Hoenig 1984)
	0.18

	from VBGF K (Jensen 1996)
	0.20

	from Gislason (submitted)
	0.27

	F as provided
	0.1

	F from VBGF, M, tc, Lmean
	-20.65

	F from VBGF, M, Lc, Lmean
	32.19

	tmax as provided
	25

	age at 0.95 Linf (Taylor 1958)
	24.0

	from tm (Froese and Binohlan 2000)
	29.0

	Linf as provided
	140

	from Lmax (Froese and Binohlan 2000)
	151.3

	Lmax as provided
	148.0

	from Lm (Binohlan and Froese 2009)
	131.6

	from maximum weight
	161.6

	VBGF K as provided
	0.13

	from tmax (Taylor 1958)
	0.12

	from Lmax, using Phi' (Pauly et al.  1998)
	0.11

	Lm as provided
	85

	from Linf (Froese and Binohlan 2000)
	82.4

	Lmean as provided
	90.2

	from B&H 1957, using VBGF, tc, M, F
	106.2

	from B&H 1957, using VBGF, Lc, M, F
	105.9

	from mean weight in catch and LWR
	103.5

	Holt (1958)
	95.8

	Froese and Binohlan (2000)
	91.7

	Froese et al. (2008)
	93.3


Mean length in the catch sensu Beverton and Holt (1957) was compared with the mean length if von Bertalanffy K ~ 2/3 M and F = M, a new simplification proposed by Froese (in prep), viz.
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The provided mean length of 90.2 cm was slightly lower than the mean length where F = M = 102.5, leading to the conclusion that recent F in this stock was probably above Fmsy. This was not true for the very last year, where F = 0.1 was below the prior Fmsy = 0.144. However, it was true if a mean of F values over the last years was taken. The number of recent years to be considered for such mean F will be related to generation time, for which age at maturity (here 9 years) can be taken as a minimum proxy. 
The mean-length-in-catch equation of Beverton and Holt (1957) can also be solved for F, with mean length and either age (tc) or length (Lc) at full selection by the gear as inputs (see Appendix II). Because the mean length Lmean = 90.2 was very close to Lc = 90, highly unrealistic estimates of F resulted (see Table 3). It turned out that the provided estimate of Lmean included specimens smaller than Lc (or younger than tc). This was also the case in other contributions at the workshop, so it is stressed here that for application of the B & H mean length in catch equation, only specimens with L >= Lc and age <= tc may be included in the calculation of the weighted mean, weighted by the numbers in the respective length and age classes.  The corresponding mean length for blue ling was Lmean = 99.8 cm, giving a predicted F = 0.38 from the Lc and 0.35 from the tc equation. These equations are valid under the equilibrium assumption, which is not valid for blue ling, because TACs have been reduced over the period 2003-2010 driving F down and higher recruitment has been observed since 2007 than in 2000-2006. To somewhat account for such changes, the F estimates from mean length should not be compared with last year’s F, but rather with a mean F over several recent years, equivalent to generation time.
For blue ling the generation time is estimated as 9.6 years (see below). The mean F over the last 10 and 9 years based on a multi-year catch curve model developed in the DEEPFISHMAN project are 0.22 and 0.25 respectively, i.e., lower than the values derived from the Lmean equation. It should be noted than these latter results are preliminary. Further, the change in Lmean from 90.2 to 99.8 cm is a 10% change, or a change of only 7% L(, suggesting that this method is sensitive to Lmean estimates. Therefore either accurate length data are required, which is considered to be the case for blue ling, or confidence intervals or sensitivity estimates should be included in the method.

Froese et al. (2000) present the following reasoning for calculation of generation time: “Generation time [..] is the average age (tg) of parents at the time their young are born. In most fishes Lopt [..] is the size class with the maximum egg production (Beverton 1992). The corresponding age (topt) is a good approximation of generation time in fishes. It is calculated using the parameters of the von Bertalanffy growth function as tg = topt = t0 - ln(1 - Lopt / Linf) / K.” The equation for Lopt is given in Appendix II. For fishes with isometric growth (b~3), generation time can be estimated from topt = 1.099 / K + t0. Alternatively, generation time can be approximated from the age at 50% maturity of the later maturing sex, plus the mean duration of adult life expectancy, which is given by 1/M (Charnov 1993).
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Figure 1. Graphic output of a Catch-MSY analysis for the Blue Ling. The upper-left panel shows the catch time series with overlaid lines for MSY +/- 2 standard deviations. The upper-middle panel shows the prior r-k space and the viable r-k pairs. The upper right panel shows the viable r-k pairs in log space, with overlaid estimates of MSY +/- 2 SD. The lower panels show the density distributions of r, k and MSY, with indicated geometric means +/- 2 SD. 
Blackbelly eelpout 
Another example was a lightly exploited by-catch species, the Blackbelly eelpout Lycodes pacificus in the Eastern Pacific management area WCVI. Input data were prior   r = 0.3 – 1, relative stock size in first year 0.9 B/k, range of relative biomass in last year 0.9 – 1 B/k. Thus, exploitation only took a small portion of the biomass, and a very wide range of r-k pairs are compatible with these catches. These data cannot be used for estimation of MSY.
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It was stressed at the workshop that the general rules for production models should also apply to the Catch-MSY method, i.e., the input data must be reasonable  (the garbage in – garbage out rule obviously applies) and the biomass of the considered stock should preferably have gone through a depletion and recovery phase, not be monotone stable, decreasing or increasing. The general rule applies that response of a stock to exploitation cannot be understood unless the stock has been fully exploited (e.g. Hilborn and Walters 1992).
Icelandic cod
Another much-discussed example was the data-rich Icelandic cod stock (Gadus morhua, cod-iceg). Using the default assumptions of 0.5 k biomass at the beginning and 0.1 – 0.6 k at the end of the time series of catches resulted in a preliminary estimate of MSY = 387 (377 – 398, in 1000 t), consistent with previous estimates (Froese & Proelss 2010) based on yield-per-recruit analysis (346,852 with 95% CL 309,153 – 389,149) and on a Schaefer model with biomass data (347,718 with 95% CL 285,072 – 424,135).  However, with a prior range of r = 0.2 – 1, the geometric mean of r = 0.247 (0.199 – 0.306) from viable r-k pairs underestimated the productivity of the stock, which the respective working group had set at Fmsy = 0.2, i.e. with r ~ 0.4. This underestimation of r by the geometric mean from viable r-k pairs is a known bias of the Catch-MSY method, which was repeatedly stressed at the workshop. It indicates a need to identify other methods for selecting appropriate and representative r-k pairs. For example, assuming  r = 2 Fmsy, the approximations of Gulland (1971) of Fmsy ~ M and Walters and Martell (2004) of Fmsy ~ 0.8 M can be used to get  r = 2 M or r = 1.6 M, respectively. Corresponding values of k in the context of a Schaefer model can then be obtained from k = 4 * MSY / r.         
One of the relative catch over relative biomass series that allow the Icelandic cod stock to survive with above inputs and outputs is shown in Figure 2. At the workshop, it was criticized that this series did not end up with the same biomass as obtained from equilibrium assumptions and the last catch/MSY in the time series (blue circle).
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Figure 2. Reconstructed relative catch and biomass values, using the historical catches from 1955 to 2010, MSY = 387,  r = 0.247, k = 6273, and starting biomass at k/2, with catches and biomass in 1000 tonnes. The blue circle indicates the equilibrium biomass 0.25 resulting from a relative catch of 0.44 in the final year. 

Note that, in general, trying to reconstruct a supposedly realistic time series of biomass based only on an approximated or best-guess starting biomass, r-k, and catches, is not a meaningful exercise. Very small changes in starting biomass or r-k accumulate over the years and result in very large changes in biomass in the final years. For example, using the same MSY but r = 0.248 (instead of 0.247) with corresponding k = 6,242 (instead of 6,267) results in another viable series that ends very close to the blue circle (Figure 3), but this r still underestimates the r ~ 0.4 assumed by the working group for this stock. In other words, selecting an r-k pair that results in a final biomass near the equilibrium parabola does not result in an r-k pair that is significantly different from the initial one which was derived as geometric mean from the viable r-k pairs.
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It was also pointed out that the Catch-MSY method is sensitive to the depletion estimate, especially the relative biomass estimate at the beginning of the time series, and that methods were needed to improve estimation of that input value. For example, using r ~ 0.4 from the Icelandic cod working group and MSY = 387 from the first run of the Catch-MSY method does not result in a viable biomass series with the given catch data. However, changing the initial biomass from 0.5 k to 0.5926 k gives a viable series. Re-running the Catch-MSY analysis with 0.6 as starting biomass gives geometric mean MSY = 363 instead of the initial 387. A corresponding new k would be 3,630. Applying this k to the total biomass of Icelandic cod at the start of the time series in 1955 gives 0.65 k, i.e., 0.6 is indeed a more realistic value than the initial 0.5 k. Obviously, this is just one example and more work is needed to find out whether such iterative approach can be used to improve the estimate of initial biomass. 

Exploring harvest control rules

As was stressed repeatedly at the workshop, initial comparisons with a variety of stocks suggest that the catch MSY-method provides very reasonable estimates of MSY given reasonable input data. However, its estimates of r (and k) strongly depend on the prior range of r, especially the lower prior limit of r. The method is not suitable for estimating realistic time series of biomass or the biomass in the final year. Additional information is needed to derive a recent biomass estimate from, e.g. the mean catch relative to MSY over the last years. For example, a Schaefer production model will suggest the equilibrium biomass B/Bmsy that will eventually result from a constant relative catch Y/MSY as
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Additional evidence is needed to decide whether the biomass is above or below Bmsy. 
Text book harvest control rules (Walters and Martell 2004, p. 47) such as tested and parameterized by Froese et al. (2011) for Europe, can then be used to set TACs for subsequent years. The parabolas in Figures 2 to 5 are calculated from the Schaefer equation with surplus production Y expressed relative to MSY.
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The label on the vertical axis is expressed as Catches/MSY (rather than Y/MSY), because here we are interested in long-term projections such as what biomass will eventually result from a certain continuous catch, or what long-term catch is compatible with a certain biomass. 

A possible application of that harvest-control rule for the Blue ling is shown in Fig. 4. The Catch-MSY method estimated MSY = 11,649 t and the catch in the last year was 4550 t, equivalent to 0.39 MSY. B is considered below Bmsy therefore in Figure 4, the Catch/MSY was set to the left side of the graph were B/BMSY  < 1. However the Catch-MSY method does not estimate B (current biomass). The B=0.22 Bmsy in Figure 4 only derives from the equilibrium assumption where a sustained catch of 0.39 MSY will eventually result in a biomass of B = 0.22 Bmsy. The actual current position of the blue ling stock on the plot can be anywhere on the line Catch/MSY = 0.39, either to the left (Bcurrent < 0.22 Bmsy) or the right (Bcurrent > 0.22 Bmsy) of the starting equilibrium point depicted in Figure 4.
An alternative harvest control rule that avoids zero catches was also presented at the workshop and is shown in Figure 5. The speed of recovery depends on the assumed productivity (the r-k pair) and how far the catches are reduced, i.e., their vertical distance from the green line. In this example, the HCR of Froese at al. (2011) in Figure 4 would rebuild the stock to Bmsy in 14 years. With the alternative HCR in Figure 5, recovery would take 20 years. The equations used for the respective harvest control rules are given in Appendix II.  
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Other evidence such as increase in catch per unit effort and increase in mean length in the catch would be needed to assure that the stock is indeed rebuilding as predicted by the average productivity assumed by the harvest control rules. Also, new, simple methods are needed to determine whether a stock is still (somewhere) above Bmsy. 
The thin upper red line in Figure 5 is the actual harvest control rule currently proposed by ICES, here expressed with catch/MSY rather than F/Fmsy on the vertical axis. It has no precautionary distance to MSY and catches may actually exceed MSY if biomass exceeds Bmsy. In its dotted lower part, F will decrease linearly with biomass, which has only a minor effect on the allowed catches. The application of the ICES HCR requires permanent detailed prediction of next year’s biomass, whereas the catch/MSY model only requires such predictions when the stock falls below Bmsy, an event that is less likely once stocks have recovered to 1.3 or 1.5 Bmsy, respectively, with catches below MSY. As long as it can be assumed with some confidence that the stock will be above Bmsy, next year’s catch would remain constant.  Finally, the ICES HCR with its allowed catches exceeding MSY encourages the maintenance of overcapacity for capture and processing, rather than using exceptional recruitment events for buildup of extra biomass to buffer stock size in years with below average recruitment.   

Catch-MSY vs DCAC

In the email discussion following the workshop, the question was raised why sustainable catch estimates from the depletion-corrected average catch method of MacAll (2009) give lower estimates than MSY estimated with the Catch-MSY method. I quote the first sentences of MacCall (2009) to clarify this issue: “Unlike the classic fishery problem of estimating maximum sustainable yield (MSY), data-poor fishery analysis must often be content simply to estimate a yield that is likely to be sustainable. Although absurdly low yield estimates would have this property, they are of little practical use. Here, the problem is to identify a moderately high yield that is likely to be sustainable, while having a low probability that the estimated yield level greatly exceeds MSY [..].” Thus, we would expect DCAC to give significantly lower estimates of sustainable catch than MSY estimated by the Catch-MSY method or other methods. This was the case for blue ling, where DCAC estimated a sustainable catch of 8,845 (6924 – 10,140) t, whereas the Catch-MSY method gave the maximum sustainable catch as MSY = 11,649 (10,495 – 12,930).  
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Appendix I
The Catch-MSY method outline here for approximating MSY is based on a very simple Schaefer production model, and it should be noted here that other models with alternative assumptions about the form of the stock productivity relationship could be substituted with the additional structural assumptions. The primary objectives of this method are 1) to devise a very simple method that can be applied to any catch time series, 2) the method must be easy to understand and implement so that it can be used my many people involved in ﬁsheries science and management, and 3) the method requires few additional assumptions. 

The minimum data requirement is a catch time series from a speciﬁc area that is normally deﬁned as a unit stock where the population is closed to immigration and emigration (Table 1, equation 1). In addition to the catch data, the initial depletion level and a range of current depletion levels (i.e., the current stock size relative to the unﬁshed carrying capacity) must also be speciﬁed, these are denoted by λ0 for the initial stock size and by λ1 and λ2 for the final lower and upper limits, respectively. The last remaining assumption is to specify the standard deviation in the process errors σν; process errors are assumed lognormal, independent, and identically distributed (10). If σν = 0, this is equivalent to assuming a deterministic model. The model parameters (4) of interests are the carrying capacity k and the maximum intrinsic rate of population growth r. Starting with an assumed relative biomass of B1 = λ0 k in the first year, biomass in subsequent years is calculated based on (6), where the observed catch is subtracted from the start of the year biomass. This assumes the catch is measured without error, unless σν > 0. 

A very simple importance sampling procedure is then used to map the joint distribution of model parameters (in this case, r and k of the Schaefer production model) that lead to current depletion levels between λ1 and λ2. In cases where combinations of (r, k) lead to the population going extinct or overshooting k before the end of the time series, we simply assign a 0 for that parameter combination. For combinations of (r, k) that result in final stock sizes between λ1 and λ2 we assign a value of 1 (equation 7). Then for each parameter combination that results in a viable population at the end of the time series, estimates of MSY can be calculated from the population parameters (11). 

The basic algorithm is implemented as follows: 

1. Specify the initial status of the stock (λ0) and lower (λ1) and upper (λ2) limits of the final status of the stock (e.g., values of λ0 = 0.5 imply that the stock was at half of carrying capacity at the beginning of the time series and λ1 = 0 and λ2 =1 imply that the stock is somewhere between completely depleted and at its carrying capacity at the end). Also specify σν to a value greater than 0 if you wish to include a stochastic component. 

2. Draw a trial parameter set Θi from the respective prior distributions (e.g., equations 8, 9, and 10). 

3. Initialize the population model at the trial value of ki (5). 

4. Update the biomass next year using the Schaefer production model (6). 

5. Calculate the likelihood of the parameter vector Θi using (7). 

6. Repeat steps 2-5 many times (e.g., 100,000) and store the 0 or 1 likelihood for each trial. 

7. Plot distributions of management quantities (11) only for cases in which the likelihood is 1. 

Appendix Table 1. A simple Schaefer production model and the corresponding management parameters

	Data
	

	ct observed catch from t = 1 to t = n years 

λ0  depletion level in year 1

λ1, λ2 lower and upper bounds for depletion level 

σν process error standard deviation 


	(1)

(2)

(3)

	Parameters
	

	Θ = {k, r} 

	(4)

	Initial states t = 1
	

	Bt = λ0 k exp(ν t) 

	(5)

	Dynamic states t > 1
	

	Bn+1 = [Bt + r Bt(1 − Bt/k) − ct] exp(ν t) 

	(6)

	Likelihood
	

	l(Θ|ct) = 1

           = 0
	λ1 ≤ Bn+1/k ≤ λ2 

λ1 > Bn+1/k > λ2 

	(7)

	Prior densities
	

	p(log(k))  ~ uniform(log(l k), log(u k)) 

p(log(r))  ~ uniform(log(l r), log(u r)) 

p(ν t)        ~ normal(0, σν ) 

	(8)
(9)

(10)

	Management quantities
	

	MSY = ¼ r k
Bmsy = ½ k

Fmsy = ½ r
	(11)


Appendix II

	Equations used in this manuscript, in spreadsheet notation

	

	Lower and upper B/Bmsy from Catch/MSY (Schaefer, 1954)

	B/Bmsy = 1 - sqrt(1-Catch/MSY)

	B/Bmsy = 1 + sqrt(1-Catch/MSY)

	

	B after one year (Schaefer, 1954)

	Bt+1 = Bt + rmax * Bt * (1- Bt/k) - Catch

	

	Harvest control rule for B/Bmsy 0.5 to 1, with targets 0.9 MSY or 0.75 MSY

	Catch = (2*B/Bmsy-1) * 0.9 * MSY

	Catch = (2*B/Bmsy-1) * 0.75 * MSY

	

	Harvest control rule for linear increase from initial Catch/MSY and B/Bmsy to targets 0.9 MSY or 0.75 MSY at Bmsy

	Catch = (0.9 * (B/Bmsy_start - B/Bmsy) + Catch/MSY_start * (B/Bmsy - 1)) / (B/Bmsy_start -1)

	Catch = (0.75 * (B/Bmsy_start - B/Bmsy) + Catch/MSY_start * (B/Bmsy - 1)) / (B/Bmsy_start -1)

	

	Schaefer's (1954) Production Model

	MSY = rmax * k / 4

	Fmsy = 1/2 rmax

	TBmsy   = 1/2 k

	

	Pauly's (1980) M equation

	M = 10^(-0.0066-0.279*LOG10(Linf)+0.6543*LOG10(VBGF_K)+0.4634*LOG10(T))

	

	Hoenig's (1984) M equation

	M = EXP(1.44-0.984*LN(tmax))

	

	Jensen's (1996) M equation

	M = 1.5 VBGF_K

	

	Taylor's (1958) max age

	tmax = 2.99/VBGF_K + to

	

	Froese & Binohlan's (2000) max age

	tmax = 10^(0.5496+0.957*LOG10(tm))

	

	Froese and Binohlan's (2000) asymptotic length

	Linf = 10^(0.044+0.9841*LOG10(Lmax))

	

	Binohlan & Froese's (2009) max length

	Lmax = 10^(0.3454+0.9194*LOG10(Lm))

	

	Taylor's (1958) von Bertalanffy K

	VBGF_K = 2.99/tmax

	

	Froese & Binohlan's (2000) length at first maturity (female)

	Lm = 10^(0.9469*LOG10(Linf)-0.1162)

	

	Beverton & Holt's (1957) mean length in catch

	Lmean = Linf*(1-(F+M)/(F+M+VBGF_K)*EXP(-VBGF_K*(tc-to)))

	Lmean = Linf*(1-(F+M)/(F+M+VBGF_K)*(1-Lc/Linf))

	

	Holt's (1958) length with maximum yield per recruit

	Lopt =Linf*(3/(3+M/VBGF_K))

	

	Froese & Binohlan's (2000) length with maximum yield per recruit

	Lopt = 10^(1.0421*LOG10(Linf)-0.2742)

	

	Froese et al.'s (2008) length with maximum yield per recruit

	Lopt = 2/3*Linf

	

	Froese's (new) mean length in catch where F = M

	LF_M = (3*Lc+Linf)/4

	

	F from mean length in catch, based on rearranged B&H (1957)

	F = VBGF_K*(1/(1+EXP(VBGF_K*(tc-to))*(Lmean/Linf-1))-1)-M

	F = (VBGF_K*(Linf-Lmean)+M*(Lc-Lmean))/(Lmean-Lc)

	

	Pauly's Phi'

	Phi' = log10(VBGF_K) + 2 * log10(Linf)

	

	Gislason’s M

	M = (Lm/Linf)^(-1.5) * VBGF_K
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Figure � SEQ Figure \* ARABIC �1�. Graphical output of the Catch-MSY method applied to Blackbelly Eelpout. By-catch levels are very low and the population is estimated to be near the unexploited level. Therefore, no meaningful estimates of MSY, r and k can be obtained.





Figure � SEQ Figure \* ARABIC �3�. Presentation of another viable relative catch over relative biomass series, with same MSY and starting biomass as in Figure 2, but slightly modified values of r = 0.248 and k = 6,242. This series remains closer to the Schaefer equilibrium curve, but its r and k values are not significantly different from Figure 2. 





Figure � SEQ Figure \* ARABIC �4�. Precautionary harvest control rule for the Blue ling, based on the starting point of  0.39 Catch/MSY and 0.22 B/Bmsy. The fishery would be closed until 0.5 Bmsy is reached, then catches would increase linearly with biomass until 0.75 MSY is reached, and would then remain at that level for this low-resilience species. Such exploitation would eventually result in a biomass near 1.5  Bmsy . The blue dots indicate years. With the assumed productivity, it would take 14 years to reach Bmsy. [Catch-MSY_bli-comb.xls]





Figure � SEQ Figure \* ARABIC �5�. An alternative harvest-control rule that avoids zero catches. Note that with the same assumptions about productivity as in Figure 4, this approach takes 20 years to reach Bmsy. The thin upper red line is the current HCR proposed by ICES, when expressed in catch/MSY.  
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