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1.0 Executive Summary 

This report describes a recommended enhancement of the methodology used by the SSC in March 
2022 to set ABCs for Illex squid for 2022 and 2023.  The 2022 methodology explicitly considered the 
uncertainty induced by variation in catchability, availability, and natural mortality.  The recommended 
enhancement considers the additional uncertainty of the biomass estimate from NEFSC fall trawl 
survey on the distribution of initial biomass and fishing mortality and the risks of violating thresholds 
related to escapement and F/M ratios.   

Inclusion of uncertainty increases the variance of the derived quantities: initial biomass, fishing 
mortality, escapement, and F/M ratio.  In turn, the wider range of possible values increases the fraction 
of simulated values that fall below candidate escapement thresholds and that fall above F/M 
thresholds.   Over the entire period, these changes have relatively modest impacts on the overall risk.  
For example, the risk of falling below a 50% escapement threshold for a quota of 40,000 mt was 
0.1519 when variability in survey biomass was excluded (i.e., at the 2022 SSC meeting).  When 
variability in survey biomass is included, the average probability of falling below 50% escapement 
increases to 0.1620, or about a 6.6% increase (Table 6).  Similarly, the probability of F/M exceeding 
0.66 increases about 5.2% to 0.2104 (Table 7).  The effects of including variability in survey biomass 
are not uniform across all years.   Years with high coefficients of variation will have a greater fraction 
of realizations that violate candidate biological thresholds.  

With respect to the Mid Atlantic Council’s Risk Policy, all of the quotas from 24,000 to 60,000 mt 
result in overfishing probabilities less than 0.45 for escapement thresholds up to 60% when the stock is 
assumed to be at or above Bmsy.  If the stock is,  at say 50% of Bmsy, then the overfishing risk  of 
20% at an Escapement threshold of 0.5 would result in a quota of  46,000 mt (versus 47,000 mt in the 
2022 report).  Applying the most restrictive overfishing definition of having escapement exceed 50% 
and F/M <0.66 leads to a quota of 37,000 mt.   It should be noted that this type of joint threshold model 
has not been applied in any fishery of which I am aware.    

2.0 Background 

In May 2021 the SSC first considered methods to estimate the likely ranges of initial biomass B.0 and 
escapement (Esc) as a function of uncertainty in catchability (q), availability of Illex to the survey area 
(v), and natural mortality (M) (Rago 2021).  The ranges of q, v, and M were drawn from the literature 
and used to bound feasible ranges of Biomass and Escapement.  Only two alternative quotas were 
considered, and Pope’s approximation was used to develop escapement estimates.    

In March 2022 (Rago 2022), the methodology for estimating escapement was enhanced in several 
ways: 
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• Baranov’s catch equation, rather than Pope’s approximation was used to estimate initial 
population size 

• Solution of catch equation provided a direct estimate of the seasonal fishing mortality and the 
virtual population that would be necessary to support the observed catch.  

• The probability density functions (pdf) of q, v, and M were assumed to be uniform, with upper 
and lower bounds based on a variety of analyses conducted as part of the Research Track 
Assessment for Illex squid.  

• The sampling distributions of initial biomass B.0, fishing mortality (F), escapement (Esc),  and 
the ratio of fishing to natural mortality (F/M) were approximated by numerically integrating 
over the three parameter pdfs.  

• The numerical integration evaluated each function using 40 equal probability intervals.  The 
sampling distributions were based on 403 = 64,000 estimates. 

• A range of alternative quotas from 24,000 to 60,000 mt were considered.  The effects of the 
alternative quotas were evaluated for each the 64,000 realizations of B.0 with respect to the F 
necessary to support the alternative quota, the escapement implied by the alternative quota, and 
the ratio of F/M.    

• Escapement and F/M have been considered as reference points for other squid stocks and 
forage fish species.  There are no agreed upon biological reference points for US Illex squid. 

• The probability of falling below escapement rates of 35,40,50, 60, and 75% was computed for 
each alternative quota.  

• The probability of exceeding F/M ratios of 0.33, 0.50, 0.66, 1.00 and 1.5 was computed for 
each alternative quota.  

• Finally, the joint probability of falling below escapement rates of 35, 40, 50, 60, and 75% AND 
exceeding F/M=0.66 was computed for each alternative quota.  

In the absence of defined biological reference points, the SSC considered the overall risk levels to be 
acceptable over a broad range of candidate reference points. 

The SSC met July 25-26, 2022 to review the results of the NRCC Research Track Assessment for Illex 
squid. As part of the RTA a number of indirect assessment methods were developed to address the 
uncertainty in our understanding of Illex stock dynamics.  

One of the indirect methods addressed potential escapement rates of Illex as a measure of fishery 
impact on spawning potential.  Escapement is defined as the ratio of population size in presence of the 
fishery compared to population size with natural mortality only.   This methodology evaluates the 
uncertainty in catchability, availability of Illex to the survey area, and natural mortality.  The model 
considered in March 2022 did not consider the uncertainty due to the sampling variability of the fall 
survey biomass estimate.  The SSC’s Report to MAFMC, August 4, 2022 for the July 25-26, 2022 
meeting noted that  

“Further work could include consideration of uncertainty in the survey indices. This would be 
expected to increase the range of likely outcomes for key decision variables, such as 
escapement.” 

The SSC also made the following recommendations to improve the improve the “indirect method 
analysis”: 
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● Consider effects of point estimates of uncertainty in estimates of abundance on overall 
risk profiles. 

● Undertake a “first principles” consideration of the sign and potential magnitude of covariation 
among q, v, and M. 

● Conduct exploratory analyses over whether the model effort results are sensitive to levels of 
covariation among q, v, and M.   If these exploratory analyses indicate that covariation is 
important, additional analyses should be conducted to inform the scale of the anticipated 
covariation. 

● Consider development of an “indirect method” analysis package that facilitates the 
transfer of the approach to the Center. 

This report summarizes the methodology used to consider the uncertainty in the estimates of 
abundance on the risk profiles.  Comparisons of the revised model are made with the estimates used in 
March 2022.  No progress was made on the potential effects of covariation among q, v, and M.   
Progress was made, however,  on the analysis package to estimate risks of alternative quotas. A user’s 
manual and all software was delivered to the NEFSC on February 1, 2023 (Rago 2023).  

3.0 Revision to Methods 
3.1 Review of Model Theory 

Let It represent observed index of biomass at time t and Ct represent the catch at time t. The estimated 
swept area total biomass consistent with the index is  

      𝐵𝐵𝑡𝑡 = 𝐼𝐼𝑡𝑡
𝑞𝑞
𝐴𝐴
𝑎𝑎

 (1) 

where the catchability or efficiency q, is an assumed value. The average area swept per tow is a and 
the total area of the survey is A. To account for the fact that a sizable fraction of the Illex population 
lies outside of the survey area, an additional parameter v is introduced which represents the fraction of 
the resource measured by the survey.  If the population is closed v is set to one and all of the 
population is assumed to be in the survey areas.  Eq. 1 can be modified to account for this by dividing 
the right-hand side by v such that: 

𝐵𝐵𝑡𝑡 = 𝐼𝐼𝑡𝑡
𝑞𝑞
𝐴𝐴
𝑎𝑎
1
𝑣𝑣

= 𝐴𝐴𝐼𝐼𝑡𝑡
𝑞𝑞𝑎𝑎𝑣𝑣

  (2) 

The NEFSC fall bottom trawl survey occurs after most of the fishery occurs and therefore can be 
considered a measure of post-fishery abundance. In order to account for the potential swept area 
biomass that existed at the start of the season, it is necessary to add the total landings removed from the 
fishery. Thus, the estimate of abundance at the start of fishing season is what was left plus what was 
extracted. Since the removals take place over a period of time and the squid are subject to natural 
mortality during that period, it is further necessary to inflate those removals.  

To “back up” the abundance estimate to what it would have been at the start of the season, one needs 
to adjust the actual catch for natural mortality and add it back into Bt  

𝐵𝐵𝑡𝑡 =  𝐵𝐵0   𝑒𝑒−𝑍𝑍 𝑡𝑡   (3) 

Where Bt is defined by Eq. 2.  

With a little algebra and the catch equation, the following implicit function of F can be derived:  
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𝐴𝐴𝐼𝐼𝑡𝑡
𝑞𝑞𝑎𝑎𝑣𝑣

𝑒𝑒(𝐹𝐹+𝑀𝑀) = 𝐶𝐶𝑡𝑡
𝐹𝐹

𝐹𝐹+𝑀𝑀�1−𝑒𝑒
−(𝐹𝐹+𝑀𝑀)�

  (4) 

        
Fishing mortality F can now be computed directly by numerical methods (see function uniroot in R).   
Direct estimation of F was used in this analysis rather than Pope’s approximation in view of the 
potential consequences of violating the parameter range over which the Pope’s method is appropriate.   
Direct estimation of F also simplifies consideration of escapement under alternative assumed quotas.  

 
Escapement is defined as the ratio of the observed end of fishing season population Bt to that expected 
if no fishing mortality occurred.    The projected population if no fishing occurred can be obtained by 
projecting B0 in Equation 10 by the fraction surviving natural mortality: 

  
𝐵𝐵𝑡𝑡,𝑤𝑤𝑤𝑤𝑡𝑡ℎ𝑜𝑜𝑜𝑜𝑡𝑡 𝑓𝑓𝑤𝑤𝑓𝑓ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐵𝐵0𝑒𝑒−𝑀𝑀𝑡𝑡    (5) 

 
The “escapement” is now computed as the ratio of the estimated Bt based on the survey divided by the 
projected biomass that would have occurred in the absence of the fishery. 

 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑒𝑒𝐸𝐸𝑒𝑒𝐸𝐸𝑡𝑡 = 𝐵𝐵𝑡𝑡

𝐵𝐵𝑡𝑡,𝑤𝑤𝑤𝑤𝑡𝑡ℎ𝑜𝑜𝑜𝑜𝑡𝑡 𝑓𝑓𝑤𝑤𝑓𝑓ℎ𝑒𝑒𝑒𝑒𝑒𝑒
   (6) 

 
Further substitution of Eq. 3 and 5 into Eq. 6 results in  

 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑒𝑒𝐸𝐸𝑒𝑒𝐸𝐸𝑡𝑡 = 𝐵𝐵𝑡𝑡
𝐵𝐵𝑡𝑡,𝑤𝑤𝑤𝑤𝑡𝑡ℎ𝑜𝑜𝑜𝑜𝑡𝑡 𝑓𝑓𝑤𝑤𝑓𝑓ℎ𝑒𝑒𝑒𝑒𝑒𝑒

= 𝐵𝐵0𝑒𝑒−(𝐹𝐹+𝑀𝑀)

𝐵𝐵0𝑒𝑒−𝑀𝑀
= 𝑒𝑒−𝐹𝐹   (7) 

 

Estimates of B0 can also be used to evaluate the effects of alternative catch levels on escapement.    Let 
CH equal a hypothesized catch to be obtained from the estimated B0.  Substitution of CH into Eq. 6 
allows for estimation of the F necessary to obtain CH, denoted as FH.  

𝐵𝐵0 = 𝐶𝐶𝐻𝐻
𝐹𝐹𝐻𝐻

𝐹𝐹𝐻𝐻+𝑀𝑀
�1−𝑒𝑒−(𝐹𝐹𝐻𝐻+𝑀𝑀)�

   (8) 

Thus, escapement given CH is now defined as exp(-FH).   To investigate the implications of alternative 
higher catches Equation 10 was applied to each year, 1997-2021 using hypothetical quotas of 24,000 to 
60,000 mt in steps of 1,000 mt.  The input data for the period 1997-2021 is summarized in Table 1A.  

3.2 Stochastic Methods for Biomass, Fishing Mortality and Escapement 

For a given set of assumed parameters {q,v,M} and fixed inputs for survey estimates and catch {If,t, Is,t, 
Ct} it is possible to estimate B0,t, Ft, Escapementt , F/M and other outputs of possible utility for the 
assessment.  

In the revised model formulation, catch is assumed to be measured without error but the survey value 
If,t is also considered to be a random variable.  Survey theory dictates that the expected value of a mean 
quantity from a stratified random design will be normally distributed irrespective if the underlying 
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distribution or patchiness of the animals.  As a first approximation, the sampling variation of If,t was 
evaluated over the 80% confidence interval by selecting n equal probability points specified by a 
normal distribution with probability values between Normal(µ=If,t, σ=CVf,t If,t, α=0.1) and 
Normal(µ=If,t, σ=CVf,t If,t, α=0.9).   

The ranges of other parameters in Equation 4, i.e., {q,v,M} are described in Rago(2022) and are based 
on the results of the Research Track Assessment for Illex squid.  

One way of efficiently sampling over the entire range of values is known as Latin hypercube sampling 
(Figure 1).  In simple terms, one assigns an equal probability to each value drawn from the underlying 
distribution by dividing the range of the parameter into equal probability intervals.  The area under the 
curve (ie. the integral) for a probability density function over a define range e.g., (q1, q2) is the same 
for all intervals.  Thus each observation, defined as the midpoint of (q1, q2) now has the same 
probability.   For a uniform distribution this just means dividing the domain of the distribution (pmin, 
pmax) into equally spaced intervals.    

This same principle can be applied to any hypothetical parameter, say r, (rmin, rmax) to obtain equal 
probability observations. By looping over the full range of r for every value of p you obtain a measure 
of the expected value of some function Y for p over every value of r.  If there are Nq intervals for 
parameter q, Nv for v,  NM for M, and NI for If,t then the joint probability for any combination {qi, vj, 
Mk, If,t} is (1/Nq)(1/Nv)(1/NM)(1/NI).  Looping over all possible combinations yields a probability 
density function for any function of q, v, M and If,t.    

In this case, N was set to 25, 20, 20, and 25 for (Nq), (Nv), (NM), and (NI), respectively (Table 1B).  
This results in 250,000 evaluations of the function for each year.   The model is written in R and the 
core code is listed in Rago (2023). 

Probability levels for candidate thresholds can be computed by counting the proportion of realizations 
that fall above for below a criterion. For example, the average probability that a given alternative quota 
induces escapement below 50% can be found by estimating the proportion of cases that fall below 0.5 
and averaging the probabilities over all years.  This was done for each candidate quota level between 
24,000 and 60,000 mt.  

4.0 Results 
The effects of including uncertainty in the fall survey index were evaluated in two ways. First, the 
estimates of B.0, F, Escapement and F/M are compared with the results of the model without 
uncertainty in the survey index.   Comparisons are expressed as the percentage change in the 
percentiles for each output variable for each year (Tables 2-5).  Second, the effects of increased 
uncertainty on the risk of overfishing (ie falling below a candidate escapement threshold, or exceeding 
a candidate F/M threshold) are computed for each alternative quota. Probabilities are based on a 
summation of all simulated estimates across all years that fall above or below a threshold for each of 
the 37 catch levels (24,000 to 60,000 mt). The ratio of the revised probabilities to the original 
probabilities is a measure of the increased risks of violating a threshold  Results are summarized in 
Tables 6 to 8.    

4.1 Effects on Individual Years 

The percentage changes in the 1st ,5th , 50th,  95th, and 99th percentiles for Initial Biomass (B.0), total 
season fishing mortality (F), Escapement (Esc) and F/M are summarized for each year in Tables 2-6. 
The net effect of the uncertainty in survey biomass is to broaden the distributions of the B.0, F, Esc and 
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F/M.  The percentage changes are greatest in the tails of the distributions.  The differences in 
percentiles, averaged over all years are summarized in Figure 2.  For example, the 5th  percentile of 
initial biomass was 6.6% lower when uncertainty in survey biomass was considered; the 95th percentile 
was 5.5% higher (Figure 2A).   The effects of survey uncertainty were less symmetrical for F, Esc and 
F/M.  This is expected since these quantities involve logarithmic transformations. Season-long fishing 
mortalities increase at the higher percentiles because a higher rate of fishing is required to support the 
same catch taken from the lower biomass levels (Fig. 2B).   The F/M plot shows the same pattern as F 
(Figure 2D).   Percentage reductions in Esc are greatest as the lower percentiles (Figure 2C) since 
escapement is defined as e-F. 

Figure 2 summarizes the average effect over all years. The magnitude of the differences between the 
original and revised methods increases with the relative precision (i.e., coefficient of variation CV) of 
the fall survey index (Table 1A).  Increases in CV “flatten” the distributions of B.0, F, Esc and F/M, 
thereby increasing the width of the confidence intervals.  The percentage change in the revised 
confidence interval width to the original confidence interval is depicted in Figure 3 for B.0 and Figure 
4 for Esc.   Each point represents a single year.  CVs above 40% result in a sharp increase in CI width 
for both variables.    

4.2 Risk of Alternative Quotas Over All Years 

The overall effect of increased uncertainty in survey biomass is to increase the probabilities of falling 
below an escapement threshold or exceeding a F/M threshold.  Tables 6 to 8 evaluate the changes for 
falling below escapement thresholds {0.35, 0.40, 0.50, 0.6, 0.75} (Table 6), exceeding  F/M thresholds 
{0.33, 0.5, 0.66, 1.0, 1.5}(Table 7) and the joint probability of falling below each of the escapement 
thresholds AND exceeding F/M=0.66 (Table 8).   In March and  July, 2022 the SSC recommended an  
ABC of 40,000 mt for 2023.  The probability of falling below Escapement thresholds (Table 6) were: 

Escapement 
Threshold 

0.35 0.40 0.5 0.6 0.75 

Probability 0.0384 0.0657 0.1519 0.2802 0.5575 
 

The inclusion of uncertainty in survey biomass increased these probabilities to: 

Escapement 
Threshold 

0.35 0.40 0.5 0.6 0.75 

Probability 0.0437 0.0731 0.1620 0.2912 0.5641 
 

The ratio of these probabilities is 

Escapement 
Threshold 

0.35 0.40 0.5 0.6 0.75 

Probability 1.1392 1.1130 1.066 1.0392 1.0118 
 

The percentage changes are greatest at the lowest threshold levels but the overall risk of overfishing is 
small. 

Similar negligible changes in risks of overfishing can be seen for F/M (Table 7), and for the joint risk 
of violating escapement and F/M thresholds (Table 8).  
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In terms of the Mid Atlantic Council’s Risk Policy, none of the quotas between 24,000 and 60,000 mt 
would violate the policy IF the stock was assumed to be at Bmsy or greater.   The Rago (2022) report 
noted:  

“The other aspect of risk evaluation is the current status of the stock.   If one assumes that the 
overall biomass is stable without significant trend (e.g., Fig. 10, Table 2) the next question 
becomes “Is this stock oscillating about a stable point near Bmsy or some fraction of it?”.  If 
the stock is near Bmsy, then the risk policy would suggest an overfishing risk of 0.45 is 
appropriate.  If the stock is oscillating about an equilibrium of 0.5 Bmsy then the overfishing 
risk should not exceed 0.2.  If the first scenario is true (i.e., B/Bmsy~1) then quotas up to 
60,000 mt would be acceptable.   If the second scenario is true (i.e, B/Bmsy~0.5) then quotas 
should not exceed 47,000 mt (Table 10) or 40,000 mt if F/M=2/3 criterion is applied.” 

Applying the same logic to the updated analyses herein, all of the quotas  result in overfishing 
probabilities  below 0.45 for escapement thresholds up to 60% when the stock is assumed to be near 
Bmsy.  If the stock is, at say 50% of Bmsy, then the overfishing risk  of 20% at an Escapement 
threshold of 0.5 would result in a quota of  46,000 mt (versus 47,000 mt in the 2022 report).  Applying 
the most restrictive overfishing definition of having escapement exceed 50% and F/M <0.66 leads to a 
quota of 37,000 mt.   It should be noted that type of joint threshold model has not been applied in any 
fishery of which I am aware.    

5.0 References 
Rago, P.J. 2021.  Indirect Methods for Bounding Biomass and Fishing Mortality for Illex Squid and 
Implications of an Alternative Quota in 2022. Report to the Scientific and Statistical Committee. 
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Thresholds.  87 pp. Report delivered to MAFMC and NEFSC, February 1, 2023.  
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Table 1.  (A) Summary of swept area biomass estimates for Illex squid in NEFSC spring and fall 
bottom trawl surveys,  and USA landings,  1997-2021.  (B) Summary of parameter ranges for q, v,  
M, and probability levels used to evaluate uncertainty in estimates of Fall Survey biomass.  

(A) 

 
 

(B) 

 

Year Landings (mt)

Spring 
Survey 
(mt)

Fall Survey 
(mt)

CV Fall 
Survey 

(%)
1997 14,358              511          2,730         17
1998 24,154              226          7,725         51
1999 8,482                 149          929            16
2000 9,117                 35            3,999         22
2001 4,475                 110          1,422         15
2002 2,907                 68            2,322         20
2003 6,557                 23            10,913       68
2004 27,499              139          2,279         12
2005 13,861              14            3,696         46
2006 15,500              121          14,220       34
2007 9,661                 147          7,311         8
2008 17,429              54            5,462         18
2009 19,090              404          5,170         20
2010 16,394              101          2,941         22
2011 19,487              294          2,937         18
2012 12,211              1,099       2,895         12
2013 4,107                 22            1,827         13
2014 9,342                 NA 3,592         11
2015 2,873                 217          2,795         14
2016 7,004                 2,641       3,711         26
2017 23,371              314          NA NA
2018 25,524              382          7,146         13
2019 28,495              1,901       3,310         14
2020 not used NA NA NA
2021 30,714              NA 3,531         17
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Figure 1. Schematic representation of the method used to estimate B.0, F, Escapement and F/M given 
uncertainty in the values of q, v, M, and Fall Survey Biomass.  The parameters q, v, and M are 
assumed to be uniformly distributed.  Mean Survey biomass is normally distributed and is evaluated at 
n values, each with equal probabilities over the 80% confidence interval.   
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Figure 2.  Summary of average percentage change in (A) Initial Biomass, (B) Fishing Mortality, (C) Escapement, and (D) F/M 

for selected percentiles of each variable.  Averages are computed over the period 1997-2021.
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Figure 3.  Empirical relationship between the percent difference in the confidence interval width of initial 
biomass (B.0) vs the Coefficient of Variation of fall bottom trawl survey.  The y-axis is the percentage change in 
the ratio of the 90% confidence interval width when the Survey CV is included over the 90% CI width when the 
Survey CV is NOT included. Each point represents a given year. The polynomial fit is purely empirical.  
Deviations are based on the magnitude of the catch and the fall survey biomass. 

 

Figure 4.  Empirical relationship between the percent difference in the confidence interval width of 
Escapement (Esc) vs the Coefficient of Variation of fall bottom trawl survey.  The y-axis is the percentage 
change in the ratio of the 90% confidence interval width when the Survey CV is included over the 90% CI width 
when the Survey CV is NOT included.  Each point represents a given year. The polynomial fit is purely empirical.  
Deviations are based on the magnitude of the catch and the fall survey biomass. 
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