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Disclaimer: This research is in draft form and was intended to serve as a 4 

demonstration of how management strategy evaluation can inform risk policy 5 

and management decisions.  This research has not been peer reviewed.  The 6 

results and conclusions should not be taken at face value.  Likewise, this 7 

research and the conclusions do not represent any official position of NOAA or 8 

affiliate organizations. 9 

 10 

Introduction 11 

Attention has been given to applying a harvest control rule to Atlantic herring Clupea harengus 12 

that considers a fishery objective related to their role as a forage fish.  The fishery also has other 13 

competing objectives, however, such as attaining relatively high and stable yields.  The information 14 

available to evaluate the relative performance of control rules at meeting these competing fishery 15 

objectives is limited to analyses that are not specific to the system (Pikitch et al., 2012; Deroba and 16 

Bence 2008).  While “borrowing” control rules from other systems or species might be a valid last resort, 17 

it is not the ideal method (Deroba and Bence 2008).  Applying generic control rules may have 18 

unintended consequences, may not achieve fishery objectives, and may not adequately consider 19 

uncertainty in the way in which the control rules were derived (Deroba and Bence 2008).  Control rules 20 

and the parameters that define them are best chosen based on stochastic simulations that consider key 21 
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uncertainties for the specific system (e.g., management strategy evaluation; MSE; Deroba and Bence 22 

2008). 23 

Methods 24 

Basics.—An MSE was developed specific to Gulf of Maine – Georges Bank Atlantic herring.  The 25 

MSE was a modified version of that used in Deroba (2014), and symbols are largely consistent with 26 

Deroba (2014; Table 1). The MSE was based on an age-structured simulation that considered fish from 27 

age-1 through age-8+ (age-8 and older).  The abundances at age in year one of all simulations equaled 28 

the equilibrium abundances produced by the fishing mortality rate that would reduce the population to 29 

40% of 𝑆𝑆𝐵𝐹=0, where 𝑆𝑆𝐵𝐹=0 equaled 600,000mt for all simulations.  Abundance in each subsequent 30 

age and year was calculated assuming that fish died exponentially according to an age and year specific 31 

total instantaneous mortality rate: 32 

𝑁𝑎+1,𝑦+1 = 𝑁𝑎,𝑦𝑒−𝑍𝑎,𝑦  ; 33 

𝑍𝑎,𝑦 = 𝐹𝑎,𝑦 + 𝑀. 34 

Natural moratlity was invariant and equaled 0.5. 35 

Recruitment followed Beverton-Holt dynamics, with steepness as a simulation (𝑠) specific 36 

uniform random variable limited by 0.5 and 0.9, which was a similar range to the 80th percentiles for 37 

steepness reported for Clupeidae by Myers et al. (1999): 38 

𝑅1,𝑦+1 =
�𝑆𝑆𝐵𝐹=0𝑅𝐹=0,𝑠

 1−ℎ𝑠4ℎ𝑠
�𝑆𝑆𝐵𝑦

1+� 5ℎ𝑠−1
4ℎ𝑠𝑅𝐹=0,𝑠

�𝑆𝑆𝐵𝑦
𝑒𝜀𝑅𝑦−

𝜎𝑅
2

2 ; 39 

𝜀𝑅~𝑁(0,𝜎𝑅2); 40 

𝑆𝑆𝐵𝑦 = ∑ 𝑁𝑎,𝑦𝑚𝑎𝑊𝑎
8+
𝑎=1 ; 41 

 42 
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(Francis 1992).  The level of variance (𝜎𝑅2) defining the lognormal errors for recruitment equaled 0.36 43 

and was consistent with variation in recruitment estimates from a recent Atlantic herring stock 44 

assessment (NEFSC 2012). Other life history characteristics (e.g., weights at age, maturity) were 45 

simulation and time invariant, and equaled the average values at age from 2007-2011 reported in NEFSC 46 

(2012; Table 2).  These stock-recruitment characteristics and other life history traits produced 𝑆𝑆𝐵𝑀𝑆𝑌 47 

that on average among simulations was approximately 0.25 𝑆𝑆𝐵𝐹=0. 48 

Assessment Error.—A stock assessment was approximated (i.e., assessment errors) similar to 49 

Punt et al. (2008) and Deroba and Bence (2012): 50 

𝑁�𝑎,𝑦 = 𝑁𝑎,𝑦𝑒
𝜀𝜑𝑦−

𝜎𝜑
2

2 ; 51 

where: 52 

𝜀𝜑𝑦 = 𝜗𝜀𝜑𝑦−1 + √1 − 𝜗2𝜏𝑦;  𝜏𝑦~𝑁(0,𝜎𝜑2). 53 

 54 

The variance of assessment errors �𝜎𝜑2� equaled 0.05 and autocorrelation (𝜗) equaled 0.7.  Assessed 55 

spawning stock biomass �𝑆𝑆𝐵� 𝑦� was calculated similarly to 𝑆𝑆𝐵𝑦 except with 𝑁𝑎,𝑦 replaced with 𝑁�𝑎,𝑦, 56 

and assessed total biomass �𝐵�𝑦� was calculated as the sum across ages of the product of 𝑁�𝑎,𝑦 and 57 

𝑊𝑎. 58 

Harvest Control Rules.—Five variants of a biomass based control rule (Katsukawa 2004) and one 59 

variant of a proportional threshold control rule (Engen et al., 1997) were evaluated (Figure1; Table 3).  60 

The biomass based control rule was defined by three parameters: the proportion (𝜓) of 𝐹𝑚𝑠𝑦,𝑠 that 61 

dictates the maximum desired fishing mortality rate �𝐹��, an upper SSB threshold (SSBup), and a lower 62 

SSB threshold (SSBlow).  The 𝐹�  equaled the maximum when 𝑆𝑆𝐵�  was above the upper threshold, 63 

declined linearly between the upper and lower thresholds, and equaled zero below the lower threshold: 64 
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𝐹�𝒚

⎩
⎪
⎨

⎪
⎧ 𝐹𝑚𝑠𝑦,𝑠𝜓                                   if  𝑆𝑆𝐵� 𝑦 ≥ 𝑆𝑆𝐵up
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              0                                      if  𝑆𝑆𝐵� 𝑦 ≤ 𝑆𝑆𝐵𝑙𝑜𝑤

� 

The 𝐹�𝑦 was then used to set a quota in year 𝑦 + 1: 65 

𝑄𝑦+1 = ∑ 𝐹�𝑎,𝑦

𝐹�𝑎,𝑦+𝑀
8+
𝑎=1 𝐵�𝑎,𝑦�1 − 𝑒−�𝐹�𝑎,𝑦+𝑀��;  (11) 66 

where 𝐹�𝑎,𝑦 equaled 𝐹�𝑦 times 𝑆𝑎, and 𝑆𝑎 was time invariant selectivity at age equal to the values for the 67 

mobile gear fishery reported in NEFSC (2012; Table 1).  𝐹�𝑦 was used to set a quota in the following year 68 

to approximate the common practice of using projections based on an assessment using data through 69 

year 𝑦, or sometimes 𝑦 – 1, to set quotas in the following several years.  Furthermore, although 𝐹�𝑦 was 70 

set using 𝑆𝑆𝐵� 𝑦, the quota was based on 𝐵�𝑦 because most fisheries likely select some immature ages.  71 

The fully selected fishing mortality rate that would remove the quota from the true population �𝐹�𝑦� was 72 

found using Newton-Raphson iterations. 73 

The proportional threshold control rule was defined by two parameters: an SSB threshold 74 

(SSBpt), and the fraction (𝜇) of the difference between 𝐵�𝑦 and the total biomass of the stock at SSBpt  75 

(Bpt) to be harvested (Figure 1; Table 3; Engen et al., 1997).  The 𝜇 parameter was defined as a 76 

proportion of 𝐹𝑚𝑠𝑦,𝑠, similar to the biomass based control rule: 77 

𝜇𝑎 = 𝐹𝑚𝑠𝑦,𝑠𝜓𝑆𝑎
𝐹𝑚𝑠𝑦,𝑠𝜓𝑆𝑎+𝑀

�1 − exp−�𝐹𝑚𝑠𝑦,𝑠𝜓𝑆𝑎+𝑀� �. 78 

This equation for 𝜇𝑎 also converts from an instantaneous rate to an annual rate (Ricker 1975).  The 79 

quota in year 𝑦 + 1 using the proportional threshold control rule equaled: 80 

𝑄𝑦+1 �
�𝜇𝑎�𝐵�𝑦 − 𝐵𝑝𝑡�          𝑖𝑓 𝐵�𝑦 > 𝐵𝑝𝑡

8+

𝑎=1
0                                       𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.

� 
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𝐵�𝑦 was used to set a quota in the following year to approximate the common practice of using 81 

projections based on an assessment using data through year 𝑦 or 𝑦 − 1, similar to the lag induced for 82 

the biomass based control rule.  𝐹�𝑦 was found using Newton-Raphson iterations. 83 

Implementation Error.—Implementation errors were also included in a similar way as in Punt et 84 

al. (2008) and Deroba and Bence (2012): 85 

𝐹𝑎,𝑦 = 𝐹�𝑦𝑆𝑎𝑒
𝜀𝜃𝑦−

𝜎𝜃
2

2 ; 𝜀𝜃~𝑁(0,𝜎𝜃2). 86 

The variance of implementation errors �𝜎𝜃2� equaled 0.001. 87 

Performance metrics.—For each control rule, 100 simulations were conducted, each for 100 88 

years.   The mean  
𝑆𝑆𝐵

𝑆𝑆𝐵𝐹=0
, 

𝑆𝑆𝐵
𝑆𝑆𝐵𝑀𝑆𝑌,𝑠

, 
yield
𝑀𝑆𝑌𝑠

, and interannual variation in yield (IAV) were calculated over 89 

the last 50 years of each simulation.  The proportion of the last 50 years with SSB less than 0.4 𝑆𝑆𝐵𝐹=0, 90 

and the proportion of years with fishery closures were also recorded for each simulation.  Each metric 91 

was multiplied by 100 to convert to percentages.  The median, 25th, and 75th percentiles among 92 

simulations were presented as barplots for each metric and control rule. 93 

Results 94 

Median 
𝑆𝑆𝐵

𝑆𝑆𝐵𝐹=0
  and 

𝑆𝑆𝐵
𝑆𝑆𝐵𝑀𝑆𝑌,𝑠

 was highest for the Lenfest control rule.  The BioBasedB and 95 

BioBasedC control rules had the second highest SSB levels, and these were followed in performance by 96 

the PropThreshA, 75%FMSY, and the BioBasedA control rules (Figure 2).  The interquartile range for the 97 

Lenfest rule exceeded 50% of 𝑆𝑆𝐵𝐹=0, the BioBasedA control rule overlapped 25% of 𝑆𝑆𝐵𝐹=0, and the 98 

other control rules were intermediate.  All of the control rules produced SSB at or above 𝑆𝑆𝐵𝑀𝑆𝑌 (i.e., 99 

𝑆𝑆𝐵
𝑆𝑆𝐵𝑀𝑆𝑌,𝑠

≈100%). 100 
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The relative performance of the control rules for the frequency of SSB being less than 101 

0.4 𝑆𝑆𝐵𝐹=0 was in the opposite order as for  
𝑆𝑆𝐵

𝑆𝑆𝐵𝐹=0
  and 

𝑆𝑆𝐵
𝑆𝑆𝐵𝑀𝑆𝑌,𝑠

.  The Lenfest rule produced SSB less 102 

than 0.4 𝑆𝑆𝐵𝐹=0 the least frequently and the interquartile range was below 25%.   The BioBasedA 103 

control rule produced SSB less than 0.4 𝑆𝑆𝐵𝐹=0 the most frequently, with the interquartile range 104 

exceeding 75%.  Other control rules were intermediate. 105 

Median 
yield
𝑀𝑆𝑌𝑠

 was greater than 75% for all control rules, except for the Lenfest rule (Figure 2).  106 

The 75%FMSY and BioBasedA control rules provided the highest yield, with interquartile ranges 107 

overlapping 100%.   The Lenfest rule provided the least yield, and other control rules were intermediate.  108 

All of the interquartile ranges overlapped to some extent, except for the Lenfest rule. 109 

Median IAV was highest for the Lenfest rule, with an interquartile range extending 110 

approximately from 75% to 125%.  Median IAV was second highest for the PropThreshA and BioBasedC 111 

control rules, with interquartile ranges overlapping 50%.  The 75%FMSY control rule had the lowest IAV 112 

and the BioBasedA and BioBasedB control rules were intermediate. 113 

Median percent of years with fishery closures was 0% for the BioBasedA, BioBasedB, and 114 

75%FMSY control rule.  The Lenfest control rule had the most fishery closures with a median of 16% of 115 

years, which was followed in performance by the BioBasedC control rule with a median of 4% of years, 116 

and the PropThreshA control rule with a median of 2% of years. 117 

Discussion 118 

The only source of uncertainty in life history parameters considered in this MSE was the 119 

steepness of the stock-recruit relationship.  Uncertainty in life history parameters can affect relative 120 

control rule performance (Deroba and Bence 2008), and further developments of this MSE should 121 

consider other uncertainties in life history parameters.  Developments to MSEs are best done through 122 

facilitated discussions with stakeholders (Irwin et al., 2008; Irwin et al., 2011).  Until such refinements 123 
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are made to this MSE, the results should be considered preliminary and used only for demonstration 124 

purposes.  Results should not be used for providing management advice. 125 

The parameters defining the control rules in this MSE were not chosen to optimize any fishery 126 

objective or set of objectives.  Such optimization could be accomplished by evaluating relative control 127 

rule performance over a range of parameter values for each control rule.  Consequently, the results and 128 

conclusions about relative control rule performance from this MSE may not be general. 129 

This MSE also assumed that the reference points used to define the harvest control rules (i.e., 130 

𝐹𝑚𝑠𝑦and SSB𝐹=0) were known without error.  The bias and precision of such reference points, however, 131 

can depend on life history characteristics, exploitation history, and autocorrelation in recruitment 132 

(Brodziak et al., 2008; Haltuch et al., 2008; Haltuch et al., 2009).  Incorporation of errors in these 133 

reference points into an MSE is not a trivial task (see discussion in Deroba and Bence 2012), but should 134 

be a topic of future research. 135 

No single control rule variant provided the best performance for all metrics.  Generally, those 136 

control rules that provided relatively higher SSB also provided lower yields and higher IAV.  These results 137 

are generally consistent with previous research comparing relative control rule performance (Irwin et 138 

al., 2008; Punt et al., 2008; Deroba and Bence 2012).  Generally, biomass based control rules that 139 

decrease desired fishing mortality rates as biomass declines maintain higher levels of biomass than 140 

alternative control rules that maintain fishing pressure as biomass declines, such as constant fishing 141 

mortality rate rules (e.g., 75%FMSY).  The higher levels of biomass achieved by biomass based control 142 

rules, however, come at the cost of high variability in yield.  Properly chosen parameters for biomass 143 

based control rules can also simultaneously attain high yield and biomass relative to constant fishing 144 

mortality rate alternatives (Deroba and Bence 2008), but that was not realized in this MSE likely because 145 

of the limited number of variants tested.  Minimum biomass thresholds that trigger fishery closures can 146 

also produce less yield than some constant fishing mortality rate alternatives and exacerbate 147 
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interannual variability in yield, but at the benefit of increased biomass.  Choosing a control rule will 148 

require managers to specify relative preferences for these competing fishery objectives (e.g., Is the 149 

benefit of higher biomass worth the costs of possibly lower yield and higher variability in yield?). 150 

The variant of the proportional threshold control rule evaluated here performed at an 151 

intermediate level for maintaining relatively high SSB and yield, but performed second worst for IAV.  152 

The poor performance for IAV was likely caused by desired fishing morality for the proportional 153 

threshold control rule being non-constant for all SSB, which may be destabilizing.  This result is also in 154 

contrast to previous research on proportional threshold control rules (Engen et al., 1997; Milner-Gulland 155 

et al., 2001; Lillegard et al., 2005), but again, the results of this MSE may not be general. 156 

The current application of this MSE assumed unbiased assessment errors.  An uncertainty in the 157 

stock assessment for Atlantic herring is M (NEFSC 2012), and incorrect assumptions about time varying 158 

M can cause biased stock assessment estimates (Deroba and Schueller 2013), and using biased stock 159 

assessment estimates can affect control rule performance (Deroba 2014).  Thus, a reevaluation of 160 

control rule performance in the presence of biased stock assessment estimates may be warranted here.  161 

Similarly, assessment errors in this MSE were induced by applying multiplicative error to the underlying 162 

true abundance, but incorporation of a full stock assessment model (e.g., statistical catch-at-age) into 163 

MSEs can affect control rule performance (Cox and Kronlund 2008).  Incorporation of the assessment 164 

models intended for use in making management recommendations should be the goal of this MSE. 165 

The motivation for this MSE was born out of a concern for maintaining Atlantic herring as a 166 

source of forage for predators in the region.  Aside from specifying a level of M and evaluating the 167 

consequences of biased stock assessment estimates possibly caused by incorrect assumptions about M, 168 

this MSE is a single species framework.  Adding multi-species interactions to the MSE may be considered 169 

in the future.  Currently, concerns about maintaining enough Atlantic herring for forage could be 170 

evaluated by specifying a minimum biomass threshold, and control rules compared for the frequency 171 
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with which they cause biomass to decline below this level.  Predatory consumption estimates like those 172 

used in the 2012 Atlantic herring assessment (NEFSC 2012) could inform selection of this minimum 173 

biomass.  The utility of the predatory consumption estimates has been questioned, however, because 174 

they are imprecise and likely biased in an unknown direction and to an unknown degree (Brooks and 175 

Deroba in press).  176 

Discussion Topics 177 

• What dynamic life history traits are important to include (e.g., time varying weight at age, 178 

selectivity)? 179 

• Similarly, what uncertainties should we consider in the MSE?  For example, SSB𝐹=0, steepness, 180 

assessment and implementation errors (add full assessment?), spatial considerations (long-181 

term). 182 

• What fishery objectives are we interested in and what metrics from the MSE do we use to 183 

evaluate relative control rule performance? 184 

• What control rules should we evaluate? 185 

• If this MSE is to be applied for decision making, we should discuss how and when (how 186 

frequently) the MSE will be maintained and reevaluated. 187 
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Figure 1.—Control rules evaluated in this MSE.  Dashed lines are for reference only. 

 

 

 

12 
 



Figure 2.—Median (bars) and interquartile ranges (lines) for performance metrics for harvest control rules evaluated in this MSE. 
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Table 1. 
Symbols and descriptions of parameters or variables used in the simulation model 
Symbol Description  
y Year  
a Age  
𝑁 True abundance  
𝐹 Actual fishing mortality rate applied to the population 
𝑀 Natural mortality 
𝑍 Total mortality 
𝑅 Recruitment 
h Steepness of the stock-recruitment relationship 
𝑆𝑆𝐵 Spawning stock biomass 
𝜀𝑅 Process error for the stock-recruitment relationship 

𝜎𝑅2 Variance of the stock-recruitment process errors 
𝑆𝑆𝐵𝐹=0 Unfished spawning stock biomass 
𝑅𝐹=0 Unfished recruitment 
𝑁� Assessed abundance 
𝜀𝜑 Assessment errors 
𝜎𝜑2 Stationary variance of assessment errors 
𝜏 Errors for 𝜀𝜑 
𝜗 Autocorrelation coefficient for assessment errors 
𝑆𝑆𝐵�  Assessed spawning stock biomass 
𝑚 Maturity 
𝑊 Weight 
𝐵�  Assessed total biomass 
𝑆𝑆𝐵𝑀𝑆𝑌 Spawning stock biomass at maximum sustainable yield 
𝐹� Desired fishing mortality rate 
𝑆 Selectivity 
𝑄 Desired quota 
𝐹� Fishing mortality rate that would produce the desired quota when applied to the 

true population 
𝜀𝜃 Implementation errors 
𝜎𝜃2 Variance of implementation errors 
𝑠 Simulation 
IAV Interannual variation in yield 
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Table 2.—Values of Atlantic herring life history characteristics used in the MSE. 

 

Age Maturity Weight(kg) Selectivity Natural Mortality
1 0.00 0.027 0.0011 0.5
2 0.03 0.052 0.1455 0.5
3 0.60 0.088 0.5170 0.5
4 0.98 0.120 0.6710 0.5
5 1.00 0.140 1.0000 0.5
6 1.00 0.160 1.0000 0.5
7 1.00 0.180 1.0000 0.5
8 1.00 0.220 1.0000 0.5
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Table 3.—Parameters defining the control rules evaluated in this MSE.   𝜓  is a proportion of 𝐹𝑚𝑠𝑦.  

Values for the SSB parameters are reported as proportions of 𝑆𝑆𝐵𝑀𝑆𝑌 (i.e., would be multiplied by 

𝑆𝑆𝐵𝑀𝑆𝑌 for application of the control rules), except for the Lenfest control rule, which are proportions 

of SSB𝐹=0. 

 

 

Control Rule ψ SSB up SSB low SSB pt

75%F MSY 0.75 0.00 0.00 NA
BioBasedA 1.00 0.50 0.00 NA
BioBasedB 0.50 1.00 0.50 NA
BioBasedC 0.50 1.25 0.75 NA
PropThreshA 1.00 NA NA 0.50
Lenfest 0.50 0.75 0.4 NA

Control Rule Parameter
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