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1. Executive Summary 

Management of New England groundfish fisheries has been challenging due to the 

multispecies nature of the fishery and the varied status of stocks that ranges from historic low to 

record high biomasses. Additionally, most groundfish stock assessments exhibit inconsistencies 

among recent stock assessment estimates (a.k.a. retrospective patterns), which can present 

challenges for sustainable management of fisheries. Accordingly, the New England Fishery 

Management Council (NEFMC) initiated a review of groundfish harvest control rules to improve 

the performance of fisheries management. Management strategy evaluation, a general framework 

aimed at simulation testing management strategies, was used to evaluate the performance of 

alternative harvest control rules (HCRs) for a suite of New England groundfish species. We 

evaluated their performance in the context of two groundfish stocks: Gulf of Maine cod and 

Georges Bank haddock because these stocks typified a range of conditions currently experienced 

by groundfish stocks. Scenarios with different combinations of stock size, recruitment, and 

natural mortality assumptions as well as stock assessment model specifications were simulated to 

evaluate the performance of HCRs when a stock was overfished and undergoing overfishing, not 

overfished and not undergoing overfishing, and when a stock assessment model had a 

misspecification and retrospective patterns.  



 

 

The performance of HCRs differed between scenarios, metrics, and time periods. HCRs 

resulted in similar stock status at the end of the management procedure (MP) period, although 

the HCRs took different trajectories to achieve this status. When the stock was not overfished, 

the ramp, P*, and F-step HCRs performed similarly, because SSB was above the overfished 

threshold, resulting in similar F. However, HCRs performed differently when the stock was 

overfished. In this case, all HCRs were able to rebuild the stock above SSBMSY in the long-term, 

but the P* and ramp HCRs achieved this faster than the F-step and constrained ramp HCRs. The 

trajectories under the constrained ramp HCR usually differed the most from all other HCRs, and 

the constrained ramp HCR did not always provide high catch stability. The variation constraint 

restricted the ability to take full advantage of large recruitments event that resulted in a high 

catch for the other HCRs. In scenarios that held the first year of projected catch constant, the 

HCRs performed more conservatively.  

In general, HCRs performed differently with a misspecification. The frequency of 

overfished and overfishing stock status depended more on the type of stock assessment 

misspecification, rather than the HCR. The natural mortality misspecification led to more 

conservative catch advice due to more conservative estimated reference points, while the survey 

catchability misspecification led to more conservative catch advice due to lower perceived SSB. 

The natural mortality misspecification led to retrospective patterns while the survey catchability 

and recruitment misspecifications did not. However, when natural mortality and recruitment 

misspecifications were applied together, retrospective patterns were larger than those under a 

natural mortality misspecification alone. With this combined misspecification and larger 

retrospective patterns, the stocks were not rebuilt at the end of the MP period under any of the 

HCRs, despite the more conservative estimated reference points. Under the natural mortality 

misspecification, the rho-adjustment had a small impact on the performance of HCRs, however, 

this may relate to the magnitude of rho values simulated in this scenario. Annual stock 

assessment updates resulted in similar HCR performance but slightly more responsive catch 

advice.  

Each HCR performed well under different conditions and for different performance 

metrics, highlighting the tradeoffs that each HCR provided. The classification of which control 

rule performs best across a range of conditions will depend on the definition and prioritization of 

management objectives for the groundfish fishery which was outside the scope of this study.  

2. Background 

Twenty groundfish stocks are managed under the Northeast multispecies groundfish 

federal fishery management plan (FMP) by the New England Fishery Management Council 

(NEFMC). Management of the groundfish fisheries are challenging because of the multispecies 

nature of the fisheries and aspects of groundfish population dynamics that are not completely 

understood (Brodziak et al., 2008). Currently, several New England groundfish stocks are at or 

near historic low biomass (e.g., Gulf of Maine (GOM) cod, Georges Bank (GB) cod, GB winter 

flounder, GB yellowtail flounder, Southern New England-Mid Atlantic yellowtail flounder, 

witch flounder, and GOM-GB windowpane flounder), whereas other stocks have increased to 

record highs (e.g., GB haddock, GOM haddock, and redfish, NEFSC 2019).  

The status of twelve of these groundfish stocks are assessed by analytical assessments 

(e.g., statistical catch-at-age models) and eight by empirical approaches (e.g., survey-based index 



 

 

methods; NEFSC 2019). Catch advice is determined for these stocks with analytical assessments 

approximately every two years based on projected exploitable biomass and target or limit fishing 

mortality (F) rates. The current groundfish harvest control rule (HCR) was implemented in 2010 

through Amendment 16 to the Northeast multispecies FMP. HCRs define management actions 

and are frequently based on the status of a stock relative to its reference point.  

The NEFMC’s Scientific and Statistical Committee (SSC) recommends Acceptable 

Biological Catch (ABC) for each groundfish stock based on the Council’s HCR, also known as 

the ABC control rule. The ABC control rule states that : a) ABC should be determined as the 

catch associated with 75% of FMSY; b) if fishing at 75% of FMSY does not achieve the mandated 

rebuilding requirements for overfished stocks, ABC should be determined as the catch associated 

with the F that meets rebuilding requirements (Frebuild); c) for stocks that cannot rebuild to BMSY 

in the specified rebuilding period, even with no fishing, the ABC should be based on incidental 

bycatch, including a reduction in bycatch rate (i.e., the proportion of the stock caught as 

bycatch); and d) interim ABCs should be determined for stocks with unknown status according 

to case-by case recommendations from the SSC. This HCR was designed to account for 

scientific uncertainty in the overfishing limit. The HCR is included in the management procedure 

(MP), which defines management actions as well as the data and assessment methods used in 

determining catch advice. The MP implementation also includes retrospective adjustments, 

which revise stock estimates for stock status determination and catch projections to account for 

recent retrospective inconsistency (NEFSC 2019). 

The majority of groundfish stocks that have analytical assessments now exhibit a similar 

‘retrospective pattern’ of revising estimates of stock size downward and revising estimates of 

fishing mortality upwards (NEFSC 2019). Retrospective patterns are inconsistencies of recent 

estimates after adding another year of data to the stock assessment (Mohn 1999). These patterns 

are often caused by a stock assessment model misspecification, which is when the stock 

assessment model assumptions are incorrect. Retrospective patterns represent a large source of 

uncertainty in the classification of Northeast groundfish stock status and determination of catch 

advice (Brooks & Legault, 2016; Wiedenmann & Jensen, 2018). These patterns, if left 

unresolved, can lead to unintentional overfishing that undermines efforts to sustainably manage 

fisheries (Deroba 2014). 

The performance of the current New England groundfish HCR and possible alternatives have 

not yet been fully evaluated through simulation testing. There have also been several changes in 

policy since the development of the HCR (e.g., the Council’s risk policy), and recent problems 

applying the HCR (e.g., some 2019 catch recommendations remanded back from the Council to 

the SSC), suggesting that reevaluation is needed to determine if this is consistent with meeting 

the Council’s policy. Furthermore, in hindsight it has been recognized that application of the 

groundfish HCRs did not always prevent overfishing (Brooks & Legault, 2016; Wiedenmann & 

Jensen, 2018). In response to the issues raised regarding the current ABC control rule, the 

NEFMC initiated a review of groundfish HCRs to improve the performance of fisheries 

management. 

Management strategy evaluation (MSE) is a general framework aimed at simulation testing 

MPs, which include HCRs. This model framework involves simulating the natural and human 

aspects of the managed fishery resource system under different circumstances and evaluating 

performance based on management objectives. A key advantage of the approach is that the 

operating model (OM) provides a representation of ‘true’ population dynamics and a baseline for 

comparison of estimation approaches and alternative HCRs. MSE can identify the performance 



 

 

of an existing HCR and can help to determine the optimal HCR among alternatives. 

Additionally, trade-offs among management objectives achieved by different HCRs can be 

evaluated while explicitly accounting for uncertainty (Dichmont et al. 2008). This approach is 

aimed at identifying HCRs that are robust to natural variation in the system and to uncertainty 

and error, both in stock assessments and implementation. MSE is also valuable for evaluating the 

robustness of HCRs in the presence of retrospective patterns (ICES, 2020). HCRs are evaluated 

based on metrics that reflect management objectives.  

The goal of this analysis was to evaluate the performance of alternative HCRs for a suite of 

New England groundfish stocks using a MSE model framework and provide information that can 

help managers evaluate tradeoffs and identify HCRs that are robust to a range of uncertainties. 

Specific objectives included: 1) development of OMs that emulate groundfish dynamics and span 

a range of characteristic stock conditions, 2) misspecification of OMs and stock assessment 

models to generate retrospective patterns, and 3) simulation testing of a suite of HCRs. Although 

New England groundfish have both analytical and non-analytical assessments, this study focused 

on analytical assessments. 

We structured scenarios to address a series of research questions: 

a) How do alternative HCRs perform when a stock is overfished and overfishing is 

occurring?  

b) How do alternative HCRs perform when a stock is not overfished and overfishing is not 

occurring?  

c) How do alternative HCRs perform when there is a stock assessment misspecification and 

retrospective patterns?  

d) When retrospective patterns exist, do retrospective adjustments result in better 

performance than no retrospective adjustments?  

2. Methods 

This study utilized a previously developed MSE framework for New England groundfish 

(NOAA COCA # NA17OAR4310272, NOAA SK #NA17NMF4270213, NEFMC Award ID: 

NA10NMF4410007). Detailed method descriptions can be found in the Appendix. In the MSE 

framework, the OM (1) represented the true fish population dynamics and was the basis for 

evaluating performance relative to the ‘true’ values for the stock and fishery (Fig. 1). Through an 

observation model (2), simulated trawl survey data and catch data were generated with plausible 

error to represent the information available for groundfish assessment and management. The 

simulated survey and catch data informed a stock assessment model (3) used to estimate fishery 

metrics. Biological reference points (4; BRPs) were calculated with the same assumptions of the 

stock assessment and stock assessment output. The stock assessment output and estimated BRPs 

were compared to produce estimated stock status. A HCR (5) then determined F based advice on 

the estimated stock status. Both the F from the HCR (5) and output from the stock assessment (3) 

were used in projections (6) to determine catch advice. This catch advice was then applied to 

simulate harvest in the OM (7). Performance of the alternative HCRs were evaluated at each 

timestep (8). This simulated process was designed to be consistent with current New England 

groundfish management whereby the stock assessment performed in year t has a terminal year of 

t-1, and the resulting catch advice is for year t+2 and greater depending on the stock assessment 

frequency. This simulated fishery resource, management, and harvest feedback loop continued 

until the end of the projection period (2019 - 2040).  



 

 

We focused OM development on two groundfish stocks: GOM cod and GB haddock to 

typify a range of conditions currently experienced by groundfish stocks (Table A1). Stock status 

of GOM cod is overfished and overfishing is occurring, whereas GB haddock is not overfished 

and not experiencing overfishing (NEFSC 2019). GB haddock exemplifies a groundfish stock 

with a recently increasing stock size. GB haddock have periodic high recruitment events that are 

not explained by a theoretical stock-recruitment relationship (SRR), but linked to ocean 

conditions (i.e. autumn bloom; Leaf and Friedland 2014; Friedland et al. 2015). 

The OMs for groundfish stocks in this framework were single species, stochastic, age-

structured models designed to emulate population dynamics. Abundance-at-age was calculated 

using exponential survival (Table A2). Weight-at-age was constant overtime for cod but changed 

over time for haddock during the historical period. During the projection period, haddock 

weight-at-age was constant overtime. In the base case OMs, recruitment was modeled using 

empirical cumulative distribution functions (Table A2). 

Historical Period 

The GOM cod and GB haddock historical trajectories were reconstructed by incorporating 

recruitment and F time series (1982-2018 for cod, 1931-2018 for haddock) from the most recent 

stock assessments (NEFSC 2019) and calculating SSB and catch as emergent properties. The 

purpose of the historical period was to emulate reality, as it was perceived by groundfish stock 

assessments. The MP period began in 2019.  

Projection Period  

 A variety of simulations with different OMs and stock assessment misspecification 

scenarios, rho-adjustment scenarios, stock assessment frequencies, and HCR alternatives were 

conducted to answer the research questions (Table 1).  

Operating model and misspecification scenarios 

The following scenarios have different population dynamics assumptions in the OM, 

observation model assumptions, and stock assessment model misspecifications to answer the 

research questions. Each scenario had 500 iterations. 

Stock Status: Overfished and Overfishing 

Base Case Overfished Scenario: Stock: Gulf of Maine cod; Recruitment: Moderate; Natural 

mortality: Constant; Misspecification: None  

 The aim of this scenario was to evaluate HCR performance for a groundfish stock that 

was overfished and experiencing overfishing in the absence of any misspecifications in the stock 

assessment and with the following characteristics: moderate recruitment and constant natural 

mortality (M=0.2). The stock-recruit relationship (SRR) derived recruitment from an empirical 

cumulative distribution function when SSB was greater than a threshold, and a linear decline to 

zero based on the ratio of SSB to the threshold. The empirical cumulative distribution was of 

historic observed recruitments from 1998 to 2018. This scenario can be considered the GOM cod 

base case. 



 

 

Stock Status: Not Overfished and No Overfishing  

Base Case Not Overfished Scenario: Stock: Georges Bank haddock; Recruitment: High; Natural 

mortality: Constant; Misspecifications: None 

 The aim of this scenario was to evaluate HCR performance in the absence of any stock 

assessment misspecifications for a stock that has the following characteristics: random large 

recruitment events and in good status (i.e., not overfished, no overfishing). In the SRR, 

recruitment was modeled using an empirical cumulative distribution function with recruitment 

values from the last 20 years of the historical period (1998-2018). This scenario was the GB 

haddock base case. 

Stock assessment misspecification scenarios 

To evaluate the impact of stock assessment model misspecifications, scenarios with 

incorrect stock assessment assumptions were also simulated. This study included incorrect stock 

assessment assumptions of natural mortality, recruitment, and survey catchability. These 

incorrect assumptions, or stock assessment misspecifications, were induced in the later part of 

the historical period in the case of natural mortality, and in the beginning of the MP period for 

recruitment and catchability. When a stock assessment model was misspecified, the stock 

assessment assumptions remained unchanged from the Base Case Scenarios, and the OM 

parameters changed.  

Overfished-Mortality Misspecified Scenario: Stock: Gulf of Maine cod; Recruitment: Moderate; 

Natural mortality: Increases; Misspecification: Natural mortality  

 The aim of this scenario was to evaluate HCR performance for a stock that was 

overfished and undergoing overfishing with a natural mortality misspecification. In this scenario, 

the OM was conditioned on the assumptions of the M-ramp stock assessment model for GOM 

cod (NEFSC 2019) in which natural mortality increased from 0.2 to 0.4 from 1988 to 2003 and 

remained constant at 0.4 through the management period. The stock assessment model, 

biological reference point (BRP) estimation, and projection assumed natural mortality was 

constant at 0.2.  

Overfished-Recruitment Misspecified Scenario: Stock: Gulf of Maine cod; Recruitment: 

Beverton-Holt stock-recruitment model with temperature; Natural mortality: Constant; 

Misspecification: Recruitment in the projection period 

 The aim of this scenario was to evaluate HCR performance for a groundfish stock that 

was overfished and undergoing overfishing with a recruitment misspecification (Table A3). The 

difference between this scenario and the Base Case Overfished Scenario was recruitment was 

modeled using a Beverton-Holt stock recruitment model that included the effect of projected 

temperature increase on recruitment in the MP period. The stock assessment assumed 

temperature was not impacted by temperature. In biological reference point estimation, 

recruitment was assumed to be the mean of the previous 20 years of recruitment (i.e., assumed 

stationarity and did not account for the influence of temperature). The projections also assumed 

recruitment was from an empirical cumulative distribution function, so the effect of temperature 

in projections was not considered either. The relationship was fit with recruitment and SSB 

output from the most recent stock assessment (NEFSC 2019) and annual mean sea surface 



 

 

temperature anomalies for the GOM. This relationship showed a negative impact of temperature 

on cod recruitment. Previous studies have also found negative impacts of warming water 

temperatures on GOM cod recruitment (Pershing et al. 2015).  

Not Overfished, Catchability Misspecified Scenario: Stock: Georges Bank haddock; 

Recruitment: High; Natural mortality: Constant; Misspecification: Survey catchability in the 

management procedure period 

 The aim of this scenario was to evaluate a HCR performance for a groundfish stock in 

good status with a survey catchability misspecification. In this scenario, survey catchability 

decreased overtime as temperature increased, but the stock assessment assumed that survey 

catchability was constant overtime. Survey catchability started at 1, but then decreased with 

temperature to half of the original survey catchability at 0.5 by the end of the MP period. This 

means that the catchability used to convert ‘true’ stock size into the survey index changed, and 

the survey data input to the stock assessment reflected this change in catchability. The stock 

assessment assumed survey catchability was fixed or constant. This scenario differed from the 

Base Case Not Overfished Scenario in that survey catchability decreased in the OM and there 

was a stock assessment misspecification.  

Stock assessment scenarios 

This study emulated current groundfish stock assessment methods and applied the Age 

Structured Assessment Program (ASAP; Legault & Restrepo, 1998), which is used for the 

majority of analytical groundfish stock assessments in the region.  

Stock Assessments with Rho-adjustment  

Rho Scenario 1: No Rho-adjustment 

 In these scenarios, no rho-adjustment was used to adjust stock estimates for retrospective 

inconsistencies. In scenarios with no retrospective patterns, this scenario was automatically 

applied. 

Rho Scenario 2: Rho-adjustment 

This stock assessment scenario option evaluated the impact of a rho-adjustment on HCR 

performance (Table A6; Mohn 1999, Deroba 2014). A rho-adjustment has been applied to most 

analytical New England groundfish NEFSC stock assessments. SSB rho-adjustments were also 

applied to the initial abundance estimates used in the ‘bridge’ year of the projections. Rho-

adjustments were only applied if the absolute value of Mohn’s Rho for SSB was greater than 

0.15.   

Stock Assessment Frequency and Projections 

Catch advice was generated from projected catch with F determined from the HCR for 

either one or two years. There were 100 iterations for each projection and uncertainty in 

recruitment and the initial abundance, which were derived from the last year of the stock 

assessment. Because the terminal estimated abundance was from the beginning of the year, a 

‘bridge’ year was projected to estimate abundance at the beginning of the following year. Initial 

abundance was drawn from a lognormal distribution with a mean of the final abundance estimate 



 

 

and a standard deviation corresponding to the standard deviations of total abundance from 

NEFSC stock assessments. This approach was used in this study because the MSE framework 

does not use a Monte Carlo Markov Chain (MCMC) approach to estimate uncertainty in the 

stock assessment models due to computational constraints. For NEFSC stock assessments, a 

MCMC approach provides multiple realizations of numbers at age that can be used in the 

projections. Terminal observed catch was used in the ‘bridge year’ to calculate total mortality. 

Projections are currently used in determining catch advice for almost all New England 

groundfish with analytical assessments. Stock assessment outputs with a terminal year of t-1 

were used in projections at year t to estimate catch advice for year t+1 and/or year t+2.  

Frequency Scenario 1: 2-Year 

 In this scenario, the stock assessment was updated every 2 years, which is the frequency 

of many of the New England groundfish stock assessments. This scenario had two sub-

alternatives: the median of the catches from each of the two projected years (not including the 

‘bridge’ year) were used as the catch advice for the two following years (Sub-alterative a) or the 

median of the catches from the first projected year (not including the ‘bridge’ year) was used as 

the catch advice for the two following years (Sub-alternative b; Fig. 2).  

Frequency Scenario 2: 1-Year  

In this scenario, the stock assessment was updated every year. Since the stock assessment 

was updated every year, projections were run for one year. The median catch from the projected 

year (not including the ‘bridge’ year) was used as the catch advice for the following year (Fig. 

3).  

Harvest control rule alternatives 

All HCR alternatives included a constraint on catch advice so that it would not be higher 

than the estimated or perceived catch that corresponds to the estimated overfishing limit (OFL) 

from the stock assessment to emulate the current in-season quota monitoring system. However, 

in misspecified scenarios, the true catch in the OM could be larger than the catch that 

corresponds to the true OFL from the OM. All these alternatives also have a minimum catch 

limit (the minimum bycatch of the last ten years in the historical period), which would prevent F 

from declining close to zero. 

The F associated with maximum sustainable yield (FMSY) proxy used in these HCRs was 

F40%, or the F expected to maintain 40% of the unfished SSB per recruit, which was determined 

with spawner per recruit (SPR) analysis. The FMSY proxy will hereafter be referred to as FMSY. 

The SSBMSY proxy was the long-term equilibrium SSB that corresponded to the FMSY. For the 

estimated and true SSBMSY proxies, recruitment used in the equilibrium calculation was the mean 

of the previous 20 years of estimated or true recruitment values. These recruitment values were 

dynamic and changed as the years accumulated. The SSBMSY proxy will hereafter be referred to 

as SSBMSY. 

Alternative 1: Ramp 

 The intention of this HCR was to promote rebuilding and optimal yield. When stock 

status was greater than 50% SSB MSY (i.e., the ‘overfished’ threshold), the target F was 75% 



 

 

FMSY. When stock status was perceived to be less than 50% SSB MSY, the target F linearly 

decreased as SSB decreased (Eqn. A12).  

Alternative 2: P*  

 The aim of this HCR option was to avoid overfishing by accounting for scientific 

uncertainty with a probabilistic approach. In this scenario, the P* approach (Prager & Shertzer, 

2010) was used to derive target catch. The P* method derives target catch as a low percentile of 

projected catch at the OFL. The distribution of the catch at the OFL was assumed to follow a 

lognormal distribution with a CV of 1 (Wiedenmann et al., 2016). The target catch corresponds 

to a probability of overfishing no higher than 50% (P*<0.5) in accordance with the National 

Standard 1 guidelines. The level of P* depended on the level of SSB (Eqn. A13). This alternative 

differed from alternative 1 in that scientific uncertainty was quantified by the P* approach rather 

than the current 25% buffer. This alternative emulated HCRs used in the Council’s Small Mesh 

Multispecies FMP.    

Alternative 3: F-step 

 If the SSB decreased below the biomass threshold (50% SSBMSY), this HCR used a target 

F of 70% FMSY that has recently been applied to some New England groundfish, such as 

SNE/MA yellowtail flounder and GB winter flounder, as the Frebuild. If the SSB never decreased 

below the biomass threshold or increased to over SSBMSY (rebuilt) after dropping below the 

biomass threshold, this HCR used a target F of 75% FMSY. National Standard Guidelines were 

amended in 2016. These revisions reduced the need to identify an incidental bycatch ABC and 

indicated that Frebuild need not be recalculated after every assessment, making it less likely that 

Frebuild will be set to zero in response to short-term lags in rebuilding. 

Alternative 4: Constrained ramp 

 The aim of this HCR alternative was sustainability and to provide catch stability if stock 

biomass were to substantially change from year to year. Stable catch was identified as an 

objective in the Council’s risk policy (NEFMC 2016). This differs from alternative 1 in that there 

was a constraint on variation in target catch from year to year, meaning that the current year’s 

catch limit will not change more than 20% from the previous year’s catch limit. However, catch 

was constrained so that it was not higher than the perceived OFL.  

Performance metrics 

 To evaluate the performance of alternative MPs, a range of performance metrics were 

compared, including stock performance, stock assessment performance, and management 

performance metrics. Stock performance metrics included OM catch stability, and SSB, F, catch, 

and recruitment trajectories. Stock assessment performance metrics included accuracy (measured 

as relative error (REE)) and Mohn’s Rho trajectories for SSB and F and accuracy of estimated 

reference points (FMSY and SSBMSY) (Tables A10 and A11). Mohn’s Rho values were calculated 

with a 7-year peel at each year in the MP period and plotted overtime. REE was the relative error 

of the terminal estimated assessment values at each year. Management performance metrics 

included true or OM stock status trajectories, the true frequency of not undergoing overfishing, 

and the true frequency of not being overfished. When there was a misspecification, estimated 



 

 

terminal stock status at each year was also included. Metrics were characterized in the short-term 

(1-5 years), medium-term (6-10 years), and long-term (11-21 years).  

In this report, radar charts are used to summarize results across performance metrics for 

multiple HCRs. In a radar chart, each axis is a performance metric. Results are plotted relative to 

each other, such that the inside most line is the minimum of that metric for all HCRs, and the 

outside line is the maximum of that metric for all HCRs. The more area a HCR takes up on the 

plot, the better it performs in the context of the performance metrics that are plotted. Note, 

performance metrics are weighted equally.  

Line, box, and Kobe plots will also be used to show HCR performance. For the box plots 

in this report, the box midline is the median, the upper box limit is the 75% quartile (upper 

hinge), the lower box limit is the 25% quartile (lower hinge), the lower whisker is the smallest 

observation greater than or equal to the lower hinge minus 1.5 times the interquartile range 

(IQR), and the upper whisker is the largest observation less than or equal to the upper hinge plus 

1.5 times the IQR. The Kobe plot is a phase plot where F/FMSY is plotted against SSB/SSBMSY. 

The quadrants are color coded: green for not overfished and no overfishing, red for overfished 

and overfishing, and yellow otherwise. 

Results 

Performance of Harvest Control Rules for Groundfish Stock Status: Overfished and Overfishing 

(Gulf of Maine Cod) 

Base Case Overfished Scenario 

Stock performance 

 In the short-term (1-5 years), SSB of Gulf of Maine cod increased similarly across HCRs 

(Figs. 4 and 5). Initially, F and catch were highest under the constrained ramp and F-step HCRs 

with lower F and catch under the P* and ramp HCRs. However, after five years F and catch were 

lowest under the constrained ramp HCR and similar across P*, and F-step HCRs. Overall, 

median catch was lowest under the ramp and P* HCRs and highest under the F-step and 

constrained ramp HCRs (Fig. 6). Recruitment was similar across HCRs in the short-term.  

 In the medium-term (6-10 years), SSB under the constrained ramp HCR increased at the 

fastest rate and resulted in the highest SSB (Figs. 4 and 5). Over this period, F increased to the 

highest level under the P* HCR with similar, slightly lower levels under F-step and ramp HCRs 

and the lowest F values under the constrained ramp HCR. In the medium-term, catch increased 

under all HCRs, however, median catch was considerably lower under the constrained ramp 

HCR compared to other HCRs Fig 6). Recruitment was similar across HCRs in the medium-

term. 

 In the long-term (11-21 years), Gulf of Maine cod SSB increased under the ramp, P*, and 

F-step HCRs to asymptote at a similar magnitude with the highest SSB realized under the 

constrained ramp HCR (Figs. 4 and 5). F increased under the constrained ramp HCR to a similar 

level under the ramp, F-step, and P* HCRs. Median catch and recruitment was similar across 

HCRs in the long-term (Fig 6).   



 

 

Assessment performance  

 Relative error (REE), Mohn’s Rho values, and error in reference point estimation were 

minimal because there was no stock assessment misspecification (Figs. 7, 8, and 9). There was a 

tendency for SSB to be slightly overestimated and F slightly underestimated. 

Management performance 

 In the short term, the Gulf of Maine cod stock remained overfished, but generally was not 

undergoing overfishing across HCRs (Figs. 10 and 11). The constrained ramp HCR did result in 

overfishing in the first three years because F was slightly underestimated by the stock assessment 

which caused the true F to be slightly higher than FMSY. The stock did not rebuild to SSBMSY in 

the short term under any of the HCRs. 

 In the medium-term, the stock was not undergoing overfishing and SSB increased to the 

‘overfished’ stock size threshold (i.e., ½ SSBMSY) after six to eight years across HCRs (Figs. 10, 

11). The stock did not rebuild to SSBMSY in the medium term under any of the HCRs. 

SSB/SSBMSY and its variability increased between the short and medium term and was similar 

across HCRs. F/FMSY was considerably lower under the constrained ramp HCR compared to 

other HCRs. In the long-term, all HCRs resulted in a stock that was not overfished or undergoing 

overfishing (Figs. 10 and 11). The stock was rebuilt above SSBMSY after eleven years under the 

constrained ramp HCR and in 13 years under other HCRs. SSB/SSBMSY and its variability 

increased and was highest under the constrained ramp HCR. F/FMSY was similar across HCRs.  

 
Synthesis 

 In the short-term, median SSB, the frequency of not overfished, and the frequency of not 

overfishing were similar among HCRs (Fig. 12). The stock was always overfished in the short-

term under all HCRs (Fig. 10). Under the constrained ramp, the stock was undergoing 

overfishing in the first three years (Fig. 10), which is why the frequency not overfishing is 

slightly lower under that HCR. Catch stability was highest under the F-step HCR. Median catch 

was highest under the F-step HCR and the constrained ramp HCR. 

 In the medium-term, median SSB was similar across HCRs (Fig. 12). The frequency of 

not overfished and median catch were highest under the ramp and P* HCRs, followed by the F-

step HCR, then the constrained ramp HCR. The frequency of not overfishing was the same under 

all HCRs, because none of the HCRs resulted in overfishing in the medium-term (Fig. 12). Catch 

stability was similar under the different HCRs, but highest under the F-step and constrained ramp 

HCRs.  

 In the long-term, median SSB was similar but highest under the constrained ramp HCR 

(Fig. 12). In the long-term, all stocks were not overfished or undergoing overfishing (Fig. 9). 

Catch stability was highest under the ramp and P* HCRs, followed by the F-step HCR, and then 

the constrained ramp HCR. Median catch was similar under the different HCRs but lowest under 

the constrained ramp HCR.  

Overfished Scenario with Year One Projection Held Constant  

Stock performance 



 

 

 Simulations of an overfished Gulf of Maine cod stock with year one projections held 

constant (Projection sub-alternative b), resulted in slight differences in HCR performance 

compared to the Base Case Overfished Scenario in which two-year catch projections were used 

in determination of catch advice (Projection sub-alternative a; Figs. 13, 14, and 15). In the short-

term, F and catch were lower than under Base Case Overfished Scenario. In addition, F increased 

at a slower rate across HCRs over the short- to long-term and was generally more conservative in 

this scenario. As a result, SSB and catch were higher in the long-term in scenarios in which year 

one projections were held constant.  

Assessment performance 

 Compared to the assessment performance for an overfished stock with two-year 

projections, assessment performance was similar when the year one projections were held 

constant in determination of catch advice (Figs. 16, 17, and 18).  

Management performance  

 Management performance was similar to that when catch advice was based on two year 

projections (Figs. 19 and 20). However, in the short-term, the constrained ramp HCR resulted in 

less overfishing when year one projections were held constant. The F-step and constrained ramp 

HCRs also resulted in a stock that increased past the overfished threshold one year faster. All 

HCRs resulted in a rebuilt stock one year faster with year one projections held constant. 

SSB/SSBMSY was generally higher, and F/FMSY was generally lower under this scenario (Fig. 20).  

Synthesis 

 HCRs performed similarly with an overfished stock under both projection alternatives 

(Fig. 21). However, with year one projections held constant, the constrained ramp HCR resulted 

in less overfishing in the short-term. In the medium-term, none of the HCRs resulted in an 

overfished stock. In the long-term, SSB was higher and catch was lower under the constrained 

ramp HCR.  

Overfished Mortality Misspecified Scenario 

Stock performance 

   HCR performance in the Overfished Mortality Misspecification Scenario differed from 

the Base Case Overfished Scenario (Figs. 22, 23, and 24). In the short term, F was lower under 

the constrained ramp HCR and slightly higher under P*, ramp, and F-step HCRs in this scenario. 

In the medium- and long-term, SSB and catch were generally lower, and F was generally higher 

across HCRs. In the long-term, SSB under the constrained ramp HCR decreased to SSB levels 

less than the other HCRs. Under the constrained ramp HCR, F was higher in the long-term than 

under other HCRs. F under the other HCRs declined slightly in the long-term but otherwise, the 

performance of other HCRs was similar to that in the Base Case in the medium- and long-term.  

Assessment performance 

 Assessment performance differed from the Base Case Overfished Scenario when a 

natural mortality misspecification was introduced. In the short- and medium-term, SSB was 



 

 

increasingly overestimated, and F was increasingly underestimated (Fig. 25). In the long-term, 

SSB was still overestimated, and F was still underestimated, but the magnitude of bias decreased. 

Mohn’s rho values for SSB and F were negligible in the short-term and began to increase in a 

positive and negative direction, respectively, in the medium-term (Fig. 26). In the long-term, 

SSB Mohn’s Rho became increasingly positive (ranging up to 0.18) and F Mohn’s Rho became 

increasingly negative (ranging up to -0.19) with the smallest absolute values of Mohn’s rho 

under the constrained ramp HCR. SSBMSY was overestimated and FMSY was underestimated (Fig. 

27).  

 

Management performance 

 Management performance with a natural mortality misspecification differed from the 

Base Case Overfished Scenario (Figs. 28 and 29). Due to over- and under-estimation of SSB and 

F and associated biological reference points in this scenario, the true and estimated stock status 

differed resulting in a misperception of stock status. True SSBMSY was lower and the true FMSY 

was higher with a natural mortality misspecification due to the increased natural mortality in the 

OM. None of the HCRs resulted in overfishing. In the short-term, the HCRs resulted in a stock 

that was not overfished by the third year of the MP period. The F-step HCR resulted in the 

highest F/FMSY. In the medium- to long-term, all HCRs resulted in a stock that was rebuilt in six 

to seven years with no overfishing occurring. Compared to the base case, SSB/SSBMSY was 

higher and F/FMSY was lower with the natural morality misspecification.  

 Comparison of estimated fishing mortality and spawning stock biomass to the estimated 

biological reference points revealed differences from the “true” stock status (Fig. 28). In the first 

two years, overfishing was perceived under all HCRs. Under the ramp, P*, and constrained ramp 

HCRs, terminal estimated SSB was below the perceived overfished threshold until year five of 

the MP period. Under the F-step HCR, terminal estimated SSB was below the perceived 

threshold until year seven of the MP period. Under the ramp and constrained ramp HCRs, 

terminal estimated SSB was below the rebuilding threshold until year ten of the MP period. 

Under the P* and F-step HCRs, terminal estimated SSB was below the rebuilding threshold until 

year twelve of the MP period.  

Synthesis 

 In the short-, medium-, and long-term, the natural mortality misspecification and increase 

in natural mortality relative to the Base Case resulted in differences in HCR performance (Fig. 

30). In the short-term, the misspecification resulted in a stock that was not overfished or 

undergoing overfishing. Also, the constrained ramp HCR resulted in the highest catch stability. 

In the medium-term, the misspecification resulted in a stock that was not overfished. Also, catch 

stability was highest under the F-step HCR instead of the constrained ramp HCR. In the long-

term, catch stability was similar under the F-step and constrained ramp HCRs instead of being 

lowest under the constrained ramp HCR. Catch was slightly higher under the constrained ramp 

HCR instead of slightly higher under the ramp, P*, and F-step HCRs.  



 

 

Overfished Mortality Misspecified Scenario with Rho Adjustment 

 In this scenario, HCRs performed similarly to the Overfished Mortality Misspecified 

Scenario without a rho-adjustment (Figs. 31, 32, and 33). However, with a rho-adjustment, F and 

catch declined at the end of the MP period under all HCRs.  

Assessment performance  

 Compared to the Overfished Mortality Misspecified Scenario without a rho-adjustment, 

assessment performance was similar (Figs. 34, 35, and 36).  

 

Management performance 

Compared to the misspecified natural mortality scenario without a rho-adjustment 

(Overfished Mortality Misspecified Scenario), a rho-adjustment resulted in similar management 

performance (Figs. 37 and 38). However, with a rho-adjustment F/FMSY was slightly lower in the 

long-term. Rho-adjustments only affected the stock status during the end of the MP period. Since 

rho-adjustments were applied only if the absolute value of Mohn’s Rho was greater than 0.15, 

rho-adjustments were only applied in the last one to three years of the MP period. Perceived 

stock status was slightly different with a rho-adjustment (Fig. 37). At the end of the MP period, 

perceived F/FMSY was higher, and perceived SSB/SSBMSY was lower. 

Synthesis 

 Overall, the Overfished Mortality Misspecified Scenario performed similarly with and 

without a rho-adjustment (Fig. 39). However, a rho-adjustment caused catch stability to be 

similar among HCRs in the long-term. Catch similarly declined among HCRs with a rho-

adjustment (Fig. 32), making the catch stability more similar. 

Overfished Mortality Misspecified Scenario with Annual Updates 

Stock performance 

 HCRs performed similarly in this scenario with annual updates of the stock assessment as 

the Overfished Mortality Misspecified Scenario with stock assessment updates every two years 

(Figs. 40, 41, and 42). However, with annual updates, the changes in stock performance metrics 

were generally more gradual. In the short-term, SSB was more similar across all HCRs and 

median catch was higher under the ramp and P* HCRs. In the medium- and long-term, SSB was 

more similar under the ramp, P*, and F-step HCRs. At the end of the MP period, SSB and F 

were similar among all HCRs.  

Assessment performance 

Assessment performance was similar to assessment performance under the misspecified 

scenario with stock assessment updates every two years (Figs. 43, 44, and 45). However, with 

annual updates, the error and Mohn’s Rho values under the F-step HCR were more similar to 

error and Mohn’s Rho values in the ramp and P* HCRs. 

Management performance 



 

 

 For the Overfished Mortality Misspecified Scenario, annual stock assessment updates 

resulted in similar management performance to stock assessment updates every two years (Figs. 

46 and 47). However, with annual stock assessment updates, the P* HCR took one year longer to 

rebuild the stock. At the end of the MP period, F/FMSY was lower with annual updates. Also, the 

changes in stock status over time were more gradual with annual updates. Perceived management 

performance was slightly different than that with two year stock assessment updates (Fig. 46). 

Stock status was estimated more frequently which caused some slight changes in trends. 

Perceived F/FMSY was more similar among HCRs at the end of the MP period.  

Synthesis 

 In general, HCRs with an overfished stock, a natural mortality stock assessment 

misspecification, and annual stock assessment updates performed similar to those with two year 

updates (Fig. 48). However, in the short-term, catch was more similar among the ramp, P*, and 

F-step HCRs with annual updates. In the medium-term, SSB was more similar among the ramp, 

P*, and F-step HCRs. Catch stability was highest under the ramp and P* HCRs. In the long-term, 

SSB and catch were more similar among HCRs, but still slightly higher under the constrained 

ramp HCR. Catch stability was more similar among HCRs, but slightly higher under the ramp 

and P* HCRs.  

Overfished Recruitment Misspecified Scenario 

Stock performance 

 HCR performance differed from the Base Case Overfished Scenario when a recruitment 

misspecification was simulated (Figs. 49, 50, and 51). In the short term, there were no notable 

differences in stock performance when compared to the Base Case Overfished Scenario. 

However, in the medium-term, SSB and catch did not increase to the same magnitude as the 

Base Case Overfished Scenario, and in the long-term, SSB and catch declined. These changes in 

stock performance were a function of the modeled decline in recruitment over the MP period. 

Assessment performance  

 Assessment performance with a recruitment misspecification was similar to the Base 

Case Overfished Scenario in that REE and Mohn’s Rho values were small to negligible (Figs. 

52, 53, and 54). Similar to the Base Case Overfished Scenario, reference points were well 

estimated, however, in the long term, SSBMSY was slightly overestimated in this scenario.  

Management performance 

 Management performance was similar to the Base Case Overfished Scenario with a 

recruitment misspecification and different recruitment dynamics (Figs. 55 and 56). However, 

with a recruitment misspecification and different recruitment dynamics, in the long-term, F/FMSY 

was slightly higher and SSB/SSBMSY was slightly lower. Perceived management performance 

was similar (Fig. 55).  

 

Synthesis 



 

 

 HCR performance with a recruitment misspecification was similar to the Base Case 

Overfished Scenario (Fig. 57). However, in the long-term, catch stability was highest under the 

F-step HCR instead of the ramp and P* HCRs. Catch was more similar among HCRs in the long-

term as well.  

 

Overfished Mortality and Recruitment Misspecified Scenario  

Stock performance 

 HCR performance in the Overfished Mortality and Recruitment Misspecified Scenario 

differed from that in the Overfished Base Case (Figs. 58, 59, and 60). In the short-term, SSB and 

catch increased, but subsequently declined over the medium- to long-term under all HCRs. F and 

catch were highest under the F-step HCR. F increased in the short- to medium-term under all 

HCRs and subsequently declined over the long-term. The median catch was highest under the F-

step HCR in the short-term with values converging to be similar across HCRs in the long-term. 

After an initial increase, recruitment declined in the medium- to long-term.  

Assessment performance 

 Assessment performance differed from the Overfished Base Case Scenario (Figs. 61, 62, 

and 63). In the short-term, terminal SSB was increasingly overestimated and terminal F was 

increasingly underestimated. In the medium-term, absolute values of REE for SSB and F 

continued to increase and then leveled off. In the long-term, the trend in REE for SSB and F 

changed direction, resulting in SSB being underestimated and F overestimated in the last five 

years of the MP period. Initially, Mohn’s Rho values were low but near the end of the medium-

term, absolute values of Mohn’s Rho began to increase. SSBMSY was overestimated, although 

less so in the long-term, and FMSY was underestimated.  

Management performance 

 Management performance differed from the Overfished Base Case Scenario (Figs. 63 and 

64). Due to over- and under-estimation of SSB and F and associated biological reference points 

in this scenario, the true and estimated stock status differed resulting in a misperception of stock 

status. Comparison of the “true” fishing mortality and spawning stock biomass to the “true” 

biological reference points revealed overfishing never occurred under any of the HCRs. In the 

short-term, all HCRs resulted in SSB that increased past the overfished threshold in three years. 

Median F/FMSY was the highest under the F-step HCR. In the medium-term, F/FMSY and 

SSB/SSBMSY increased under all HCRs. In the long-term, all HCRs resulted in a rebuilt stock 

after nine years. However, after 15 years, SSB under the F-step and constrained ramp HCRs 

decreased below the rebuilt threshold. SSB decreased below the rebuilt threshold after twelve 

and 16 years under the P* and ramp HCRs, respectively. Median SSB/SSBMSY was the highest 

under the constrained ramp HCR.  

 Comparison of the estimated fishing mortality and spawning stock biomass to the 

estimated biological reference points for the operating model revealed a different perception of 

stock status (Fig. 63). In the immediate short-term, none of the stock resulted in perceived SSB 

that was over the overfished threshold. However, the ramp and P* HCRs resulted in a perceived 

SSB that increased past the perceived overfished threshold in year five and the F-step and 

constrained ramp HCRs resulted in the same in year seven. In the long-term, the ramp, P*, and 



 

 

F-step HCRs did not result in a perceived rebuilt stock. In year 11, the constrained ramp HCR 

did result in a rebuilt stock but for only two years. However, there were some iterations where all 

HCRs resulted in a rebuilt stock. In year 13 and 17, the P*and F-step HCRs led to perceived 

overfishing, respectively. In year 15, the ramp and constrained ramp HCRs led to perceived 

overfishing. In year 19, the ramp and P* HCRs were no longer causing perceived overfishing. 

The F-step and constrained ramp HCRs stopped resulting in perceived overfishing in year 21. 

Perceived SSB had decreased back below the perceived overfished threshold by year 19 under 

the ramp and F-step HCRs and by year 17 for the P* and constrained ramp HCRs.  

Synthesis 

 Relative HCR performance differed from that in the Base Case Overfished Scenario (Fig. 

66). In the short-term, HCR performance was similar. The stock was not overfished by the third 

year of the MP period and no overfishing occurred (Fig. 64). In the medium-term, all the HCRs 

resulted in a stock that was not overfished, which differed from the Base Case Overfished 

Scenario (Fig. 66). Catch stability was highest under the F-step HCR. In the long-term, SSB was 

similar among HCRs, catch stability was highest under the F-step HCR, and catch was highest 

under the constrained ramp HCR, which all differed from the Base Case Overfished Scenario 

(Fig. 66).  

Performance of Management Procedures for Groundfish Stock Status: Not Overfished and Not 

Overfishing (Georges Bank Haddock) 

Base Case Not Overfished Scenario  

Stock performance 

 In the short-, medium-, and long-term, the ramp, P*, and F-step HCRs resulted in similar 

stock trajectories for Georges Bank haddock (Figs. 67, 68, and 69). The constrained ramp HCR 

stood out as performing differently, with the lowest levels of F and catch in the short and 

medium-term and highest levels of SSB. 

 In the long-term, F under the constrained ramp HCR increased to levels similar under 

other HCRs (Figs. 67, 68, and 69). Median catch was similar among HCRs in the long-term. 

However, the trajectories of catch differed for the constrained ramp HCR, which increased over 

the catches under the other HCRs by the end of the MP period.   

 Although variability was high, in the short-, medium-, and long- term, median 

recruitment was steady and similar among HCRs (Figs. 67 and 68). Large recruitment events 

occurred, but they are not apparent in the plotted medians (Fig. 67) or 95% confidence intervals 

of the median (Fig. 68).  

Assessment performance 

REE and Mohn’s Rho values were negligible since there was no stock assessment 

misspecification (Figs. 70 and 71). In the short-, medium-, and long-term, there was negligible 

error in SSBMSY and no error in FMSY (Fig. 72).  

Management performance 



 

 

 Stock status determination was equivalent between the true operating model and stock 

assessment perception in Base Case Not Overfished Scenario due to the accuracy of the 

assessment under this scenario. Under all HCRs, the stock was maintained above the rebuilt 

threshold (Figs. 73 and 74). In the short-term, median F/FMSY was below the overfishing 

threshold. Median F/FMSY was lowest and always under the overfishing threshold under the 

constrained ramp HCR. In the medium-term, median SSB/SSBMSY was highest under the 

constrained ramp HCR and above the rebuilt threshold. Under the other HCRs, median 

SSB/SSBMSY was usually above the rebuilt threshold, but there were some iterations where 

median SSB/SSBMSY was below the rebuilt threshold. Median F/FMSY was below the overfishing 

threshold and was lowest under the constrained ramp HCR. In the long-term, under the ramp, P*, 

and F-step HCRs, the stock fluctuated over the rebuilt threshold and under the overfishing 

threshold. Median SSB/SSBMSY was usually above the rebuilt threshold under the constrained 

ramp HCR, although there were some iterations where SSB/SSBMSY was below the rebuilt 

threshold. Under the other HCRs, median SSB/SSBMSY was at the rebuilt threshold, with some 

iterations being below or above the rebuilt and overfished thresholds. Under the constrained 

ramp HCR, F/FMSY increased. Median F/FMSY was below the overfishing threshold under all 

HCRs. Median F/FMSY was lower under the constrained ramp HCR.  

Synthesis 

 In the short-term, the constrained ramp HCR resulted in the highest median SSB and 

highest catch stability (Fig. 75). The ramp, P*, and F-step HCRs resulted in the highest median 

catch. All HCRs resulted in no overfishing and a stock above the overfished threshold. In the 

medium-term, the constrained ramp HCR resulted in the highest median SSB (Fig. 75). The 

ramp, P*, and F-step HCRs resulted in the highest median catch and catch stability. All HCRs 

resulted in no overfishing and a stock above the overfished threshold. In the long-term, the 

constrained ramp HCR resulted in the highest median SSB (Fig. 75). All HCRs resulted in a 

similar median catch, although median catch was slightly higher under the constrained ramp 

HCR. Catch stability was lowest under the constrained ramp HCR. All HCRs resulted in a stock 

above the overfished threshold and no overfishing.  

Not Overfished-Catchability Misspecified Scenario  

Stock performance 

 Compared to the Base Case Not Overfished Scenario, the HCR performance with a 

catchability misspecification was similar (Figs. 76, 77, and 78). However, in the medium- and 

long-term, SSB increased under the ramp, P*, and F-step HCRs and did not decline as much 

under the constrained ramp HCR. F decreased under the ramp, P*, and F-step HCRs and did not 

increase as much under the constrained ramp HCR. Catch was slightly lower under the ramp, P*, 

and F-step HCRs and did not increase as much under the constrained ramp HCR.  

Assessment performance 

 With a survey catchability misspecification, assessment performance differed from the 

Base Case Not Overfished Scenario (Figs. 79, 80, and 81). REE for SSB and F increased over 

time, resulting in under and overestimation respectively, and then leveled off. In the short- to 



 

 

medium-term, REE for SSB and F was greater in magnitude under the ramp, P*, and F-step 

HCRs compared to the constrained ramp HCR. However, in the long-term REE for F and SSB F 

was greater under the constrained ramp HCR. Although retrospective patterns were minimal, 

Mohn’s Rho for SSB slightly decreased, and Mohn’s Rho for F slightly increased. Until the end 

of the MP period, Mohn’s Rho values changed slowly under the constrained ramp HCR. SSBMSY 

was slightly underestimated in the short-, medium-, and long-term.  

Management performance 

 With a survey catchability misspecification, management performance was similar to that 

in the Base Case Not Overfished Scenario (Figs. 82 and 83). However, F/FMSY decreased 

overtime, and SSB/SSBMSY was slightly higher in the long-term. Perceived management 

performance was similar (Fig. 82). However, in years 15 and 16, the estimated SSB was below 

the perceived rebuilding threshold, except under the constrained ramp HCR.  

Synthesis 

 With a survey catchability misspecification, HCRs performed relatively similar to those 

without a misspecification for a not overfished stock (Fig. 84). However, in the short-term, catch 

stability was more similar among HCRs with a survey catchability misspecification.  

Discussion 

 The performance of HCRs differed between operating model and assessment model 

scenarios, metrics, and time periods. If the stock assessment misspecification created 

retrospective patterns, the HCRs performed differently for some metrics. The classification of 

which control rule performs best across a range of conditions will depend on the definition and 

prioritization of management objectives for the groundfish fishery which was outside the scope 

of this study.  

How do alternative HCRs perform when a stock was overfished and overfishing was occurring 

and the assessments are well specified (Base Case Overfished Scenario)? 

All HCRs were able to rebuild the stock above SSBMSY in the long-term, although the 

unique features of HCRs resulted in different pathways to achieve this stock status. The P* and 

ramp HCRs achieved rebuilding faster, higher medium-term catch, and higher long-term catch 

stability than the F-step and constrained ramp HCRs. However, the tradeoff was reduced catch 

and catch stability in the short-term under the P* and ramp HCRs. The F-step HCR tended to 

provide the highest catch stability in the beginning of the MP period, because the fishing 

mortality did not change much with changes in SSB. The trajectories under the constrained ramp 

HCR differed the most from all other HCRs (Figs. 4, 5, 13, and 14). This HCR resulted in the 

lowest F and catch in the medium-term and resulted in the highest SSB in the long-term. 

However, the constrained ramp HCR did not always result in the highest catch stability. This 

variability constraint prevented the catch from increasing as fast as under the other HCRs in the 

short- to medium-term. However, in the long-term, this HCR resulted in more variable catch as 

20% differences in catch became larger as catch increased at the end of the MP period. None of 



 

 

the HCRs for GOM cod allowed catch to increase to the level of the 1980s and 1990s, because F 

was not allowed to get as high as it had in the past. HCRs performed differently for an overfished 

stock because the prescribed F across HCRs differed in response to the SSB being below the 

overfished threshold at the start of the MP period. When catch advice was determined holding 

the first year of the projection constant, the HCRs performed more conservatively than when 

catch advice was based on two-year projections (Fig. 85). This is because catch from the first 

year of the projection was often smaller than that of the second year of the projection. In these 

scenarios, SSB increased faster, stocks rebuilt faster, and F and catch did not increase as fast.  

How do alternative HCRs perform when a stock was not overfished and overfishing was not 

occurring? 

Similar to the overfished scenarios, HCRs resulted in a similar stock status in the long-

term when a stock was not overfished, although the unique features of HCRs resulted in different 

trajectories to get there. Overall, the ramp, P*, and F-step HCRs performed similarly because the 

prescribed F was often the same since SSB was above the overfished threshold throughout the 

MP period. The ramp, P*, and F-step HCRs allowed the fishery to take advantage of large 

recruitment events. The constrained ramp HCR was not able to take full advantage of the large 

recruitment events that resulted in a high catch in the short- to medium-term for other HCRs. 

However, catch was similar among HCRs in the long-term, and the constrained ramp HCR 

conserved SSB, provided high catch stability in the short-term, and provided highest catch in the 

long-term. Conditioning the simulations on haddock provided a contrast to those conditioned on 

Gulf of Maine cod for evaluating HCRs, because the haddock population was driven by large 

recruitment events. A large recruitment event occurred near the end of the historical period for 

all haddock scenarios, and the beginning of the MP period depended on that recruitment event.   

How do alternative HCRs perform when stock assessments are misspecified?  

In scenarios that incorporate stock assessment misspecifications, stock assessment 

assumptions were not an accurate reflection of the ‘reality’ in the OM. The four stock assessment 

misspecifications simulated in this study had different effects on population trajectories and 

performance of HCRs. All misspecified scenarios resulted in error, either under or 

overestimation of outputs in the stock assessment performance and some resulted in retrospective 

inconsistencies. However, error and retrospective patterns under the recruitment misspecification 

were low. The natural mortality misspecification led to retrospective patterns while the survey 

catchability and recruitment misspecifications did not. However, when the natural mortality and 

recruitment misspecifications were combined, retrospective patterns were larger than under a 

natural mortality misspecification alone.  

In the natural mortality misspecification, natural mortality was higher in the OM than 

assumed in the assessment model or the base case OM. This contributed to the lower catch and 

SSB in these misspecified scenarios (Fig. 86). In the stock assessment, natural mortality was 

assumed to be lower, and this caused retrospective patterns, an overestimation of SSBMSY and an 

underestimation of FMSY. An overestimation of SSB and abundance caused a higher F than what 

was prescribed from the HCR. Although SSB was overestimated, and F was underestimated, the 

estimated reference points were more conservative with the misspecification, resulting in a 

quickly rebuilt stock (Fig. 86). With annual updates, the HCRs performed similarly but were 

more reactive, as catch advice was updated annually. This caused F to be more similar among 



 

 

HCRs and slightly lower in the long-term, and catch to increase faster under the ramp and P* 

HCRs.  

In the recruitment misspecification, recruitment was a function of SSB and temperature, 

whereas the assessment (and the base case OM) assumed recruitment was not negatively 

impacted by temperature. Under the effects of climate change, the ramped and P* HCRs 

increased SSB at the fastest rate and decreased the frequency of being overfished. However, SSB 

and catch were lower in this scenario due to the decreased recruitment (Fig. 87). Kritzer et al. 

(2019) found that a HCR that changes F with biomass performed better in the face of adverse 

effects of climate change and retrospective patterns than a HCR with a fixed F.  

In the previous scenarios described, only one parameter was misspecified at a time, but in 

reality, multiple parameters can be misspecified (Cao et al., 2016). With a natural mortality and a 

recruitment misspecification, retrospective patterns and REE were the largest. The negative 

impact of temperature and higher natural mortality contributed to lower catch and SSB (Fig. 88). 

Although the performance of HCRs differed in the beginning of the MP period, near the end the 

performance was similar except that the constrained HCR resulted in a slightly higher catch. The 

constrained ramp HCR did not result in dramatically different trajectories because SSB was not 

increasing fast enough for the catch to increase much more than 20% in the beginning of the MP 

period. Although SSB was typically overestimated and F was typically underestimated, similar to 

the mortality misspecification scenario, the estimated reference points were more conservative 

than the true reference points. This led conservative catch advice and HCRs that resulted in 

stocks that were not overfished at the end of the MP period (Fig. 88). However, they were not 

rebuilt either.  

In the survey catchability misspecification, the population dynamics were not directly 

altered from the base case scenario, rather survey data from the observation model were altered. 

In the stock assessment, survey catchability was assumed to be constant, and this caused an 

underestimation of SSB and overestimation of F. This misspecification caused the HCRs to be 

more conservative since the estimated SSB was smaller than the true SSB (Fig. 89).  

Mohn’s Rho values were negligible under all misspecifications except for the natural 

mortality and combined natural mortality and recruitment misspecifications. Even with these 

misspecifications, Mohn’s Rho values did not get as large as in some of the current groundfish 

assessments (NEFSC 2019). Simulating retrospective patterns is an acknowledged challenge in 

the field and similar efforts have also resulted in no retrospective patterns (ICES 2020; NEFSC 

2020). The degree of bias in the stock assessment performance and retrospective inconsistencies 

varied among HCRs and did not always coincide in their direction. This is similar to other 

findings that the direction and magnitude of retrospective patterns are not related to true bias 

(Huratdo-Ferro et al. 2015). Trends in Mohn’s Rho did not always reflect trends in stock 

assessment error and both sometimes varied among HCRs. In the context of the natural mortality 

misspecification, the direction of assessment bias and retrospective inconsistences tended to 

coincide (i.e. overestimation and positive Mohn’s rho for SSB and underestimation and negative 

Mohn’s rho for F). However, assessment error and retrospective patterns were sometimes in 

opposition in the combined natural mortality and recruitment misspecification. The timing of 

trends in assessment error and Mohn’s rho were influenced by the timing and magnitude of the 

misspecifications. Thus, long-term results may be more important to consider for these scenarios, 

because retrospective patterns have persisted for extended periods for New England groundfish 

stock assessments, and retrospective patterns were largest in the long-term.  



 

 

When retrospective patterns exist, do retrospective adjustments result in better performance than 

no retrospective adjustments?  

When retrospective patterns existed, the rho-adjustment had little impact on the 

performance of HCRs (Fig. 90). However, it is important to note that this result is conditional on 

the scenario conditions which did not elicit a Mohn’s rho value as high as currently observed in 

many groundfish stocks. In the beginning of the MP period in this study, Mohn’s Rho values for 

SSB were less than 0.15, so rho-adjustments did not occur. In the long-term, a rho-adjustment 

decreased F and catch slightly. Additionally, retrospective patterns appeared once SSB had 

increased past the overfished threshold, and a rho-adjustment may not have always changed 

perceived SSB enough to be under the overfished threshold, which would have an impact on the 

catch advice. Future work can examine the impact of rho-adjustments under the combined 

natural mortality and recruitment misspecification scenario, which had larger retrospective 

patterns. A previous study found that the effect of a rho-adjustment depends on the HCR form 

(Deroba, 2014). The decision of whether to apply a rho-adjustment should depend on the 

direction of the retrospective pattern and short and long-term management objectives (Deroba, 

2014). ICES guidelines for biased assessments suggest that if SSB is consistently overestimated 

and F is consistently underestimated, a rho-adjustment should be applied to catch advice (ICES, 

2020).  

Caveats and Limitations 

It is important to recognize the caveats and limitations of this analysis. The results of this 

analysis are conditional upon the underlying assumptions of modeled scenarios and the HCRs 

evaluated. There are additional HCR forms and adjustments to the features of the HCRs 

evaluated in this study that could be worthwhile exploring in the future based on the desired 

outcomes of groundfish management (i.e., management objective setting process). One of the 

limitations of this analysis was that technical interactions were not simulated. For some stocks, 

the groundfish fishery harvests considerably less than the annual catch limit (ACL) due to 

technical interactions of the mixed-stock fishery (i.e., choke species issues; Cadrin 2016). These 

issues influence the realized catch and can alter the anticipated outcomes of a harvest strategy. 

Additionally, the timing and magnitude of stock assessment misspecifications can influence 

interpretation of the performance of HCRs. When there was a stock assessment misspecification 

that caused retrospective patterns, the retrospective patterns did not emerge until the end of the 

MP period. If retrospective patterns appeared earlier, the short-term performance of HCRs would 

likely be different. This also caused Mohn’s Rho values to be lower in the beginning of the MP, 

which also affected the short-term performance of rho-adjustments. In addition, OMs can also be 

further tuned to represent additional complexity in groundfish dynamics and operation of 

groundfish fisheries. For example, declining weight-at-age was evident for Georges Bank 

haddock (NEFSC 2019), but this was not included during the MP period for haddock scenarios. 

The OMs did not consider spatial complexity either and this can affect HCR performance. 

Another limitation was the characterization of uncertainty in this MSE approach. In many 

cases, the ramped and P* HCRs performed nearly identically due to the manner which the P* 

approach was simulated. Future studies should explore alternative simulations of the P* 

approach that more fully capture uncertainty in the stock assessment. The better uncertainty is 

represented in an MSE, the more informative MSE is for fisheries management (Punt et al., 

2016).  



 

 

Conclusions 

The performance of HCRs differed between scenarios, metrics, and time periods. HCRs 

resulted in similar stock status at the end of the management procedure (MP) period, although 

the HCRs took different trajectories to achieve this status. When the stock was not overfished, 

the ramp, P*, and F-step HCRs performed similarly, because SSB was above the overfished 

threshold, resulting in similar F. However, HCRs performed differently when the stock was 

overfished. In this case, all HCRs were able to rebuild the stock above SSBMSY in the long-term, 

but the P* and ramp HCRs achieved this faster than the F-step and constrained ramp HCRs. The 

trajectories under the constrained ramp HCR usually differed the most from all other HCRs, and 

the constrained ramp HCR did not always provide high catch stability. The variation constraint 

restricted the ability to take full advantage of large recruitments event that resulted in a high 

catch for the other HCRs. In scenarios that held the first year of projected catch constant, the 

HCRs performed more conservatively.  

In general, HCRs performed differently with a misspecification. The frequency of 

overfished and overfishing stock status depended more on the type of stock assessment 

misspecification, rather than the HCR. The natural mortality misspecification led to more 

conservative catch advice due to more conservative estimated reference points, while the survey 

catchability misspecification led to more conservative catch advice due to lower perceived SSB. 

The natural mortality misspecification led to retrospective patterns while the survey catchability 

and recruitment misspecifications did not. However, when natural mortality and recruitment 

misspecifications were applied together, retrospective patterns were larger than those under a 

natural mortality misspecification alone. With this combined misspecification and larger 

retrospective patterns, the stocks were not rebuilt at the end of the MP period under any of the 

HCRs, despite the more conservative estimated reference points. Under the natural mortality 

misspecification, the rho-adjustment had a small impact on the performance of HCRs, however, 

this may relate to the magnitude of rho values simulated in this scenario. Annual stock 

assessment updates resulted in similar HCR performance but slightly more responsive catch 

advice.  

Each HCR performed well under different conditions and for different performance 

metrics, highlighting the tradeoffs that each HCR provided. The classification of which control 

rule performs best across a range of conditions will depend on the definition and prioritization of 

management objectives for the groundfish fishery which was outside the scope of this study.  
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experienced by groundfish stocks (Table A1). The OMs were age-structured, stochastic models. 

Abundance of fish at age over time was calculated based on exponential survival (Eqn. 1, Table 

A2). For both cod and haddock, there were nine age bins (1-9+). SSB was a function of 

abundance-at-age, weight-at-age, and maturity-at-age of fish (Eqn. 2, Table A2). Unless 

otherwise specified, recruitment was modeled using an empirical cumulative distribution 

function (Eqn. 3, Table A2). Catch by the fishery was calculated as a function of the Baranov 

catch equation (Eqn. 4, Table A2) and informed by annual F rates derived from the HCR and 

projections.  

Table A1. Conditions of New England groundfish stocks with analytical assessments. M= 

natural mortality; GOM= Gulf of Maine; GB= Georges Bank; SNE= Southern New England.  

Stock Catch bias 

High M 

uncertainty  

Productivity 

decrease 

Productivity 

increase Overfishing Overfished 

GOM Cod X X X  X X 

GB Haddock    X   

GOM Haddock X   X   

GB Winter 

flounder   X   X 

White hake   X   X 

Pollock    X   

American plaice       

Cape Cod/GOM 

yellowtail flounder  X X    

SNE/Mid-Atlantic 

yellowtail flounder   X X   X 

Redfish        
Table A2. Description of equations and symbols used in simulating the population dynamics in 

an age-structured operating model. 



 

 

Eqn. 1 

𝑁𝑎,𝑡 = {

𝑁1,𝑡                                                                                                  if 𝑎 = 1

 𝑁𝑎−1,𝑡−1𝑒−[𝑀𝑡−1+𝐹𝑡−1(𝑠𝑎−1
𝐹 )]                                                       if  1 < 𝑎 < 𝑥

𝑁𝑎−1,𝑡−1𝑒−[𝑀𝑡−1+𝐹𝑡−1(𝑠𝑎−1
𝐹 )]  + 𝑁𝑎,t−1𝑒−[𝑀𝑡−1+𝐹𝑡−1(𝑠𝑎

𝐹)]         if 𝑎 = 𝑥

 

 

Eqn. 2 

 

𝑆𝑆𝐵𝑡 = ∑ 𝑁𝑎,𝑡𝑊𝑎𝑃𝑎

𝑎=𝑥

𝑎=1

 

Eqn. 3 Gulf of Maine cod: 

𝑁1,𝑡 {
𝑒𝑐𝑑𝑓(𝑅𝑜𝑏𝑠)                                                                    if 𝑆𝑆𝐵𝑡−1 ≥ 𝑆𝑆𝐵∗
𝑆𝑆𝐵𝑡−1

𝑆𝑆𝐵∗
(𝑒𝑐𝑑𝑓(𝑅𝑜𝑏𝑠))                                                     if 𝑆𝑆𝐵𝑡−1 < 𝑆𝑆𝐵∗

 

Georges Bank haddock:  

𝑁1,𝑡 =  𝑒𝑐𝑑𝑓(𝑅𝑜𝑏𝑠) 

Eqn. 4 
𝐶𝑎,𝑡

𝑁 = 𝑁𝑎,𝑡

𝑠𝑎
𝐹𝐹𝑡

𝑠𝑎
𝐹𝐹𝑡 + 𝑀𝑡

(1 − 𝑒−𝑠𝑎
𝐹𝐹𝑡−𝑀𝑡) 

Symbols 

used in 

equations 

Na,t  abundance of fish at age a at time t 

Mt  natural mortality at time t 

Ft  fishing mortality at time t 

𝑠𝑎
𝐹  selectivity to the fishery at age a 

x  plus group 

SSBt  spawning stock biomass at time t 

Wa  average weight-at-age, a of fish  

Pa  fraction of fish of age, a that are mature  

𝑆𝑆𝐵∗                  spawning stock biomass hinge value 

𝑒𝑐𝑑𝑓(𝑅𝑜𝑏𝑠) sample from empirical cumulative distribution of historic observed 

recruitments (𝑅𝑜𝑏𝑠)  

𝐶𝑎,𝑡
𝑁                     catch of age, a fish in time t in numbers 

 

The models were parameterized based on the most recent stock assessment update and 

benchmark assessment for GOM cod (NEFSC 2013, NEFSC 2019, Tables A3 and A4) and GB 

haddock (Brooks et al. 2008, NEFSC 2019, Tables A5 and A6). For cod, growth was modeled 

using a time invariant weight-at-age vector and maturity-at-age followed a logistic pattern. For 

haddock, growth was modeled using a time varying weight-at-age vector during the historical 

period and maturity-at-age followed a logistic pattern. Haddock weight-at-age was consistent 

throughout the MP period. Values for cod were consistent with the specification of growth and 

maturity used in stock assessment projections (Table A4, NEFSC 2019). Values for haddock 

during the MP period were based on the average of the last five years of the stock assessment 

(Table A6, NEFSC 2019). 

We modified the stock-recruit relationship (SRR) that was used in stock assessment 

projections of GOM cod (NEFSC 2013) to utilize the last 20 years of observed recruitment 

(1998-2018) in the cumulative distribution function. The original fitting of the SRR used all 



 

 

historically observed recruitments, including extreme high values from the 1980s. In OM 

simulations, this resulted in periodic extreme high recruitment in future projections which were 

not consistent with the moderate to low values of recruitment observed in recent decades. For 

GB haddock, the last 20 years of observed recruitment (1998-2018) were used in the cumulative 

distribution function, to capture the periodic high recruitment values that were more frequent in 

recent years of the historical period. For the Beverton-Holt stock-recruitment scenarios, 

parameters were estimated outside of the model with the most recent stock assessment output 

(Tables A3). Annual sea surface temperature anomalies for the GOM were incorporated into the 

SRR. We also incorporated a small amount of stochasticity (i.e., process error, Tables A3 and 

A5).  

We modeled the harvest by the fishery as a single fleet (i.e., recreational and commercial 

combined) consistent with the current stock assessments. Fishery selectivity-at-age was informed 

by the selectivity-at-age in the most recent stock assessments for the most recent selectivity 

blocks (Tables A4 and A6). The selectivity curve represented the combined recreational and 

commercial catch. Fishing mortality was not permitted to go over 2. In the survey catchability 

misspecification, survey catchability decreased as temperature anomalies increased: 

𝑞𝐼 = 1 − (0.125𝑇)                                                    (Eqn. 5) 

, where 𝑞𝐼 is survey catchability, and T is the temperature anomaly. Survey catchability was not 

permitted to decrease below 0.5, which was half of the initial catchability.  

Table A3. Associated parameter names, symbols and input values used in the Gulf of Maine cod 

operating model.  

Parameter Symbol Value Source (model) 

Natural mortality (M = 0.2 scenarios) Mt 0.2 NEFSC 2019 (ASAP) 

Natural mortality (M-ramp scenarios) Mt 0.2-0.4 NEFSC 2019 (ASAP) 

Spawning stock biomass hinge value (M = 

0.2 scenarios) 

𝑆𝑆𝐵∗ 6300 NEFSC 2019 (AGEPRO) 

Spawning stock biomass hinge value (M-

ramp scenarios) 

𝑆𝑆𝐵∗ 

 

7900 

 

NEFSC 2019 (AGEPRO) 

 

Fishery catchability qF
 1 Assumed 

Survey catchability qI 1 NEFSC 2019 (ASAP) 

Survey timing st 0.5 Assumed  

Catch weight observation error  0.05 NEFSC 2019 (ASAP) 

Index observation error  0.05 NEFSC 2019 (ASAP) 

Recruitment process error  0.5 Assumed 



 

 

Beverton-Holt productivity parameter α 5.17 Estimated  

Beverton-Holt density-dependence 

parameter 

β 0.000289 Estimated 

Beverton-Holt temperature effect 

parameter 

ϒ -1.42 Estimated 

 

Table A4. Gulf of Maine cod operating model parameter input vectors at age.  

 Age 1 Age 2 Age 3 Age 4 Age 5 Age 6 Age 7 Age 8 Age 9+ Source (model)  

Initial numbers-at-

age (𝑁1,𝑡) 

15000 17000 6000 3500 2000 200 300 150 100 NEFSC 2019 

(ASAP) 

 

Weight-at-age (Wa) 0.057 0.365 0.908 1.662 2.426 3.307 4.09 5.927 10.375 NEFSC 2019 

(ASAP/AGEPRO) 

 

Maturity-at-age 

(Pa) 

0.087 0.318 0.697 0.919 0.982 0.996 0.999 1 1 NEFSC 2019 

(AGEPRO) 

 

Fishery selectivity-

at-age, M = 0.2 

(𝑠𝑎
𝐹) 

0.013 0.066 0.271 0.663 0.912 0.982 0.997 1 1 NEFSC 2019 

(AGEPRO) 

 

Fishery selectivity-

at-age, M-ramp 

(𝑠𝑎
𝐹) 

0.009 0.051 0.241 0.651 0.917 0.985 0.997 1 1 NEFSC 2019 

(AGEPRO) 

 

Survey selectivity-

at-age (𝑠𝑎
𝐼 ) 

0.038 0.134 0.289 0.531 0.778 1 1 1 1 NEFSC 2019 

(ASAP) 

 

 

Table A5. Associated parameter names, symbols and input values used in the Georges Bank 

haddock operating model.  

Parameter Symbol Value Source (model) 

Natural mortality  Mt 0.2 NEFSC 2019 (VPA) 

Fishery catchability qF
 1 Assumed 

Survey catchability qI 1 Assumed 

Time-varying survey catchability  qI Eqn. 5 Assumed 

Survey timing st 0.5 Assumed  

Catch weight observation error  0.05 Assumed 

Index observation error  0.02 NEFSC 2019 (VPA) 

Recruitment process error  0.01 Assumed 

 



 

 

Table A6. Georges Bank haddock operating model parameter input vectors at age.  

 Age 1 Age 2 Age 3 Age 4 Age 5 Age 6 Age 7 Age 8 Age 9+ Source 

(model) 

 

Initial numbers-

at-age (𝑁1,𝑡) 

39938 80387 14081 17665 17144 10197 5491 3086 961 NEFSC 

2019 

(VPA) 

 

Weight-at-age 

(Wa) 

0.1774 0.4291 0.6939 0.8887 1.089 1.247 1.396 1.577 1.784 NEFSC 

2019 

(VPA) 

 

Maturity-at-age 

(Pa) 

0.0338 0.2592 0.7464 0.9532 0.9928 0.9988 1 1 1 NEFSC 

2019 

(VPA) 

 

Fishery 

selectivity-at-age 

(𝑠𝑎
𝐹) 

0.0114 0.0296 0.1014 0.3002 0.3976 0.6324 0.9574 0.6626 0.6626 NEFSC 

2019 

(VPA) 

 

Survey 

selectivity-at-age 

(𝑠𝑎
𝐼 ) 

0.444 0.697 0.755 0.759 0.779 0.712 0.807 0.772 0.772 NEFSC 

2019 

(VPA) 

 

 

Historic estimates of F and recruitment from the most recent stock assessments (NEFSC 

2019) were used to condition the models and emulate estimated stock trajectories. The historic 

period of the OMs spanned 1982-2018 for cod and from 1931-2018 for haddock and served to 

initialize forward projections. The models were projected forward 21 years, from 2019 to the 

year 2040, under alternative harvest control rules (HCRs).   

Management Procedures 

We aimed to emulate the current groundfish fishery management procedure (MP). The 

MP included: 1) data collection, 2) fitting a stock assessment, 3) estimating biological reference 

points, and 4) determining catch advice from a HCR. The MP was applied starting in 2019.  

Observation models 

 Observation models were designed to simulate collection of fishery dependent and fishery 

independent data with the characteristics and quality (i.e., uncertainty) that typically inform the 

GOM cod and GB haddock stock assessments. The fishery-dependent data generated included 

total catch and catch-at-age information. Fishery independent survey data included a survey 

index of abundance and an index of abundance-at-age.  

 We simulated data to emulate the Northeast Fisheries Science Center (NEFSC) bottom trawl 

survey. We modeled the survey index of abundance-at-age and an aggregated index of 

abundance (summed across ages) as a function of the total abundance available to the survey 

(i.e., resource abundance in the operating model), catchability of the survey, survey selectivity-

at-age, and observation error (Eqn. 6 and 7, Table A7). We assumed lognormal error for the 

index of abundance and multinomial error for the index of abundance-at-age (Tables A3 and 

A5). Survey selectivity-at-age followed a logistic pattern based on stock assessment fit values for 

the NEFSC spring bottom trawl (Tables A4 and A6). 



 

 

Table A7. Description of equations and symbols in the observation model to generate simulated 

catch and index data.  

Eqn. 6 
𝐼𝑎,𝑡

𝑁 = 𝑞𝐼𝑁𝑎,𝑡𝑒(−𝑠𝑎
𝐼 𝐹𝑡−𝑀𝑡)𝑠𝑡 

Eqn. 7 

𝐼𝑡
𝑁 = ∑ 𝐼𝑎,𝑡

𝑁

𝑎=𝑥

𝑎=1

 

Eqn. 8 
𝐶𝑎,𝑡

𝑊 = 𝐶𝑎,𝑡
𝑁 𝑊𝑎 

Eqn. 9 

𝐶𝑡
𝑊 = ∑ 𝐶𝑎,𝑡

𝑊

𝑎=𝑥

𝑎=1

 

Symbols 

used in 

equations 

𝐼𝑎,𝑡
𝑁                   survey catch in numbers for age a in time t 

𝑞𝐼                   survey catchability coefficient 

𝑠𝑎
𝐼                    survey selectivity at age, a  

st                    survey timing, given as proportion of the year that has elapsed 

𝐶𝑎,𝑡
𝑊                 catch weight at age a at time t 

�̂�𝑡
𝑊                 adjusted total catch weight with bias at time t 

𝐶𝑡
𝑊                 total catch weight at time t 

 

We modeled the fishery catch in number as described previously (Eqn. 4, Table A2) and 

calculated catch and catch-at-age in weight as described in Eqn. 7 and 8 (Table A7). We assumed 

lognormal observation error on total catch and multinomial errors on catch-at-age (Tables A3 

and A5). We assumed an observation error for the combined commercial-recreational catch 

based on values used in the GOM cod assessment (i.e., CV = 5%) and assumed an equivalent 

error for GB haddock.  

Stock Assessment Model 

We integrated the current stock assessment model used in the majority of groundfish 

analytical assessments, the Age-Structured Assessment Program (ASAP, Legault & Restrepo, 

1998) into the simulation framework. Model parameters in the estimation model were consistent 

to those specified in the OM, such that the assessment model was not misspecified, except in the 

misspecified scenarios. In the base case scenarios, the weight-at-age, maturity-at-age, natural 

mortality, number of fleets (Fleets = 1), and selectivity blocks (blocks = 1) modeled were 

consistent between the operating model and estimation model. Fishery selectivity and survey 

selectivity-at-age were estimated in the assessment. Recruitment process errors were set to 0.5 

for cod and 1.0 for haddock and the CV on catch and the survey index was consistent between 

the operating and estimation model (Tables A3 and A5). The assessment accumulated an 



 

 

additional year of data each year the simulation loop was run such that the first assessment 

comprised of 33 years of data and the final assessment included 54 years of data. Further details 

on specification of ASAP are provided as dat files for cod and haddock models (Supplementary 

Materials).  

Biological Reference Points 

BRPs are the criteria by which we determine stock status and inform triggers for 

management actions in the context of HCRs. A FMSY proxy was calculated using a spawning 

potential ratio approach (Eqn. 10 and 11, Table A8). Spawning potential ratio was calculated at 

40% and the value of 𝐹∗ that results in the given ratio was used as the FMSY proxy reference point 

(i.e., F40%, the fishing mortality expected to conserve 40% of the maximum spawning potential; 

Eqn. 10 and 11, Table A8). The associated biomass proxy was calculated through projection of 

the stock to an equilibrium SSB, with recruitment as an average of the estimated recruitment 

from the last 20 years. Reference points were recalculated every time there was an assessment. 

We calculated both the “true” FMSY and SSBMSY proxy reference points values and estimated 

values based on the OMs and the stock assessments, respectively.  

Table A8. Description of equations and symbols used to calculate biological reference points 

from the stock assessment in the management procedure. 

 

Eqn. 10 𝑆𝑆𝐵

𝑅 𝐹∗
= ∑ 𝑒−𝑠𝑎

𝐹𝐹∗−𝑀

𝑎=𝑥

𝑎=1

𝑃𝑎𝑊𝑎 

Eqn. 11 

𝑆𝑃𝑅𝐹∗ =
[
𝑆𝑆𝐵

𝑅 𝐹=𝐹∗
]

[
𝑆𝑆𝐵

𝑅 𝐹=0
]

 

Symbols 

used in 

equations 

𝑆𝑆𝐵

𝑅 𝐹∗
                 estimated spawning stock biomass per recruit at fishing 

mortality level 𝐹∗ for an average individual 

𝑊𝑎                     average weight at age a of fish 

𝑃𝑎                      fraction of fish of age a that are mature  

𝑆𝑃𝑅𝐹∗               spawning potential ratio (F* = 0.4) 
𝑆𝑆𝐵

𝑅 𝐹=0
                estimated spawning stock biomass per recruit when F = 0 

for an average individual 

 

 

Harvest Control Rule  

Four HCRs were tested: 1) the ramp HCR, 2) the P* HCR, 3) the F-step HCR, and 4) a 

constrained ramp HCR. In the ramp HCR, F-based advice decreased linearly when stock biomass 

was estimated to be less than the overfished threshold (i.e., 50% SSBMSY; Eqn. 12, Table A9). In 



 

 

the P* HCR, P* depended on the estimated biomass (Eqn. 13, Table A9). The catch advice was 

the P* percentile of the catch at the OFL. The OFL catch distribution was lognormal with a mean 

of the log of the median of the catch projected 100 times with F at 𝐹𝑀𝑆𝑌with a CV of 1 

(Wiedenmann et al. 2016). In the F-step HCR, if the SSB decreased below 50% SSBMSY, this 

HCR used a target F of 70% FMSY. If the SSB never decreased below 50% SSBMSY or increased 

to over SSBMSY after dropping below 50% SSBMSY, this HCR used a target F of 75% FMSY. In 

the constrained ramp HCR, the ramp HCR was applied, but the catch limit could not change 

more than 20% from the previous year’s catch limit. However, catch was constrained so that the 

projected catch was not higher than the estimated OFL. The prescribed target catch or ABC was 

estimated by projecting the catch with F determined from the F-based HCRs. In simulating these 

HCRs, we assumed the ACL was set to equal to the ABC.  

Table A9. Description of equations and symbols used in harvest control rules.  

Eqn. 12 

𝐹𝑡 =
75%𝐹𝑀𝑆𝑌𝑆𝑆𝐵𝑒𝑠𝑡

𝑡

50%𝑆𝑆𝐵𝑀𝑆𝑌
  if  𝑆𝑆𝐵𝑒𝑠𝑡

𝑡 ≤ 50%𝑆𝑆𝐵𝑀𝑆𝑌 

𝐹𝑡 = 75%𝐹𝑀𝑆𝑌  if 𝑆𝑆𝐵𝑒𝑠𝑡
𝑡 ≥ 50%𝑆𝑆𝐵𝑀𝑆𝑌 

Eqn. 13 
𝑃∗ = 0.4 if 𝑆𝑆𝐵𝑒𝑠𝑡

𝑡 ≥ 50%𝑆𝑆𝐵𝑀𝑆𝑌 

𝑃∗ = 0.4
𝑆𝑆𝐵𝑒𝑠𝑡

𝑡

50%𝑆𝑆𝐵𝑀𝑆𝑌
 if 5%𝑆𝑆𝐵𝑀𝑆𝑌 < 𝑆𝑆𝐵𝑒𝑠𝑡

𝑡 < 50%𝑆𝑆𝐵𝑀𝑆𝑌 

𝑃∗ = 0 if 𝑆𝑆𝐵𝑒𝑠𝑡
𝑡 < 5%𝑆𝑆𝐵𝑀𝑆𝑌 

Symbols 

used in 

equations 

𝐹𝑡         fishing mortality at time t determined from the harvest control rule 

𝐹𝑀𝑆𝑌     fishing mortality maximum sustainable yield proxy (F40%) 

𝑆𝑆𝐵𝑒𝑠𝑡
𝑡    estimated spawning stock biomass from the stock assessment at 

time t  

𝑆𝑆𝐵𝑀𝑆𝑌  spawning stock biomass maximum sustainable yield proxy  

𝑃∗            the percentile of the OFL catch distribution used in the harvest 

control rule 

 

Projections 

 Initial abundance in the projections was drawn from a lognormal distribution with a mean 

of the last estimate of abundance from the stock assessment and a CV that corresponds to the CV 

of the terminal abundance values from the GOM cod and GB haddock NEFSC stock 

assessments. Initial abundance proportions-at-age were randomly drawn from a multinomial 

distribution with a probability vector of the last estimate of proportions of abundance-at-age 

from the stock assessment. 



 

 

Because the abundance stock assessment estimates were from the beginning of the year, a 

‘bridge year’ was used in the projections. With the exponential survival equation, abundance at 

the beginning of the next year was calculated using initial abundance, observed catch, and 

natural mortality assumed in the stock assessment. Recruitment in the ‘bridge year’ was the 

geometric mean of the last five years of estimated recruitment from the stock assessment. 

Exponential survival with F determined from the HCR was then used for following years. 

Recruitment in the following years was drawn from the empirical cumulative distribution 

functions with recruitment values estimated from the stock assessment. Catch was determined 

with the Baranov catch equation with F determined from the HCR. Projections were performed 

100 times, and the medians of the catches from each year (Frequency Scenario 2) or each of the 

two years (Frequency Scenario 1) were calculated.  

Rho-adjustments 

Rho-adjustments were applied to correct for recent retrospective inconsistencies. Mohn’s 

Rho values (�̂�𝑇) provide measures of the retrospective inconsistencies (Eqn. 14, Table A10). In a 

rho-adjustment, the final year SSB estimate is divided by �̂�𝑇 + 1  (Deroba, 2014). Seven year 

peels, or seven assessments with different terminal years, were used to calculate Mohn’s Rho.  

Table A10. Description of equations and symbols used to calculate Mohn’s Rho.   

    

Eqn. 14 
�̂�𝑇 =

∑
𝑆𝑆𝐵𝑒𝑠𝑡𝑦=𝑇−𝑛,𝑇−𝑛−𝑆𝑆𝐵𝑒𝑠𝑡𝑦=𝑇−𝑛,𝑇

𝑆𝑆𝐵𝑒𝑠𝑡𝑦=𝑇−𝑛,𝑇

𝑥
𝑛=1

𝑥
 (SSB as an example) 

Symbols 

used in 

equations 

�̂�𝑇           Mohn’s Rho at year T 

x             desired number of assessments with different terminal years to be used in 

estimating Mohn’s Rho (i.e. the number of “peels”)          

𝑆𝑆𝐵𝑒𝑠𝑡𝑦,𝑦
 estimated spawning stock biomass from the stock assessment at year y and 

estimated at year y 

 

Performance metrics 

 Performance metrics included stock performance metrics, stock assessment performance 

metrics, and management performance metrics. Stock performance metrics included SSB, F, 

catch, recruits, and catch stability, which was measured by the interannual variation in catch 

(IAV; Eqn. 15, Table A11; A’Mar et al., 2009). SSB was calculated as in Equation 2 (Table A2). 

Stock assessment performance metrics included relative error (REE; Eqn. 16, Table A11) and 

Mohn’s Rho for both SSB and F and the accuracy of reference point estimations. The REE 

reflected the error of terminal year estimates. Management performance metrics included the 

frequency of being overfished, the frequency of undergoing overfishing, and stock status 

trajectories. A stock was overfished if SSB was less than 0.5 SSBMSY A stock was undergoing 

overfishing if F was greater than FMSY. 

Table A11. Description of equations and symbols used to calculate performance metrics.  



 

 

 

Eqn. 15 

 

 

     Eqn. 16 

𝐼𝐴𝑉 =
√

1

𝑛−1
∑ (𝐶𝑡+1

𝑊 −𝐶𝑡
𝑊)2𝑛−1

𝑡=1

1

𝑛
∑ 𝐶𝑡

𝑊𝑛
𝑡=1

  

𝑅𝐸𝐸 =
𝑆𝑆𝐵𝑒𝑠𝑡−𝑆𝑆𝐵𝑡𝑟𝑢𝑒

𝑆𝑆𝐵𝑡𝑟𝑢𝑒
∗ 100 (SSB as an example) 

Symbols 

used in 

equations  

𝐼𝐴𝑉                          interannual variation in catch 

𝑛                              number of years  

𝐶𝑡
𝑊                           total catch weight at time t 

𝑅𝐸𝐸                         relative error 

𝑆𝑆𝐵𝑒𝑠𝑡                      estimated terminal spawning stock biomass from the stock                      

assessment 

𝑆𝑆𝐵𝑡𝑟𝑢𝑒                    true or simulated spawning stock biomass corresponding to the 

terminal year of the stock assessment 

 

 


