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Abstract 13 

 14 
Advice for commercially exploited fish stocks is usually given on a stock-by-stock basis. In light 15 

of the ecosystem-based fisheries management the need to move towards a holistic approach 16 

has been largely acknowledged. In addition, the discard bans in some countries requires 17 

consistent catch advice among stocks to mitigate choke species limiting fisheries activity. In 18 

this context, in 2015, the European Commission proposed the use of fishing mortality ranges 19 

around fishing mortality targets to give flexibility to the catch advice system and improve the 20 

use of fishing opportunities in mixed-fisheries. We present a multi-stock harvest control rule 21 

(HCR) that uses single stock assessment results and fishing mortality ranges to generate a 22 

consistent catch advice among stocks. We tested the performance of the HCR in two different 23 

case studies. An artificial case study with three stocks exploited simultaneously by a single fleet 24 

and the demersal mixed-fishery operating in Bay of Biscay and Celtic Sea.  The HCR produced 25 



 

   

 

consistent catch advice among stocks when there was only a single fleet exploiting them. Even 26 

more, the HCR removed the impact of the discard ban. However, in a multi-fleet framework 27 

the performance of the HCR varied depending on the characteristics of the fleets.  28 

Keywords: harvest control rule, landing obligation, mixed-fisheries, pretty good yield, EBFM.  29 

1 Introduction 30 

 31 
There is growing focus worldwide on implementation of ecosystem based fisheries 32 

management (EBFM) (Pikitch et al., 2004), recognising the need for a holistic approach. 33 

Nevertheless, most fisheries management is still undertaken on a stock-by-stock basis, using 34 

tools such as total allowable catch (Ballesteros et al., 2018) which centre around the goal of 35 

maximum sustainable yield (MSY) (Kempf et al., 2016). This form of management does not 36 

reflect the reality of most mixed-fisheries where multiple species are caught together. 37 

Particularly in the case of demersal fisheries where fishers have limited flexibility to 38 

discriminate between species during fishing operations. This mismatch between the multi-39 

species outcomes of fishing operations and the single species catch advice produces an 40 

incentive to generate over-quota discards (Ulrich et al., 2011a). In places where there is a 41 

discard ban (EU, 2013) (Gullestad et al., 2015) the mismatch of catch advices results in the  42 

emergence of choke species (Schrope, 2010). Choke species arise when the catch advice of one 43 

stock for a certain fleet or vessel is so restrictive that it does not allow them to fish a great part 44 

of the catch quotas of the rest of the stocks because it would mean exceeding the quota of 45 

that stock, thereby “choking” the fishery. Considering these challenges, there is a real 46 

requirement to expand the management tools available to support the implementation of 47 

mixed-fisheries management.  48 

 49 

Over the last decade, mixed-fisheries research has focused on quantifying and describing the 50 

complex nature of fisheries by modelling fleet dynamics in a multi-specific framework (Salas 51 



 

   

 

and Gaertner, 2004; Branch et al., 2006; van Putten et al., 2012). Within Europe, this research 52 

has been translated into the generation of mixed-fisheries management advice (ICES, 2018). 53 

This advice is produced using the Fleet and Fisheries Forecast model (FCube) (Ulrich et al., 54 

2011, Iriondo et al., 2012 Maravelias et al., 2012). FCube uses the output from the single 55 

species stock assessments and catch and effort data at fleet and métier level to explore the 56 

consequences of different management alternatives based on the single species stock total 57 

allowable catch (TAC). 58 

 59 

In 2014, fishing mortality ranges (FMRs) around the MSY objective (ICES, 2015) were 60 

developed with the goal of alleviating the choke effect of some species under a landing 61 

obligation policy (Salomon et al., 2014; ICES, 2015). The International Council for the 62 

Exploration of the Sea (ICES) and the Scientific, Technical and Economic Committee for 63 

Fisheries of the European Commission (STECF) identified the FMRs and evaluated their 64 

sustainability for the stocks with quantitative impact assessments (ICES, 2015; STECF, 2015). 65 

Although these FMRs provide an upper and lower bound for fishing mortality, the use of the 66 

upper end of the FMR by decision makers is considered exceptional and not the norm, to avoid 67 

a permanent fishing pressure above the fishing mortality target  at MSY (Kirkegaard, 2018). Yet 68 

in practice, there are no currently defined guidelines to operationalise the use of FMRs. Single 69 

stock catch advice is usually produced using harvest control rules (HCRs), which are 70 

mathematical formulas that produce management advice based on stock status indicators and 71 

reference points (Deroba and Bence, 2008; Froese et al., 2010; Dichmont et al., 2016). 72 

Therefore, extending existing HCRs using the bounds of the FMRs as reference points and 73 

considering technical interactions among the stocks seems a natural way to move forward.  74 

 75 

Several publications have presented methods for implementing the FMRs in a mixed-fisheries  76 

context. Thorpe et al. (2017) analysed, with a sized-based multispecies model, the use of the 77 



 

   

 

FMRs on the North Sea demersal fishery. They concluded that fishing in the lower bound of the 78 

FMR results in a much lower risk to the sustainability of the stocks while the impact on long 79 

term yield was small. Rindorf et al. (2017a) defined an operating framework to translate the 80 

principles of the "pretty good yield" (capture <= 95% MSY) to "pretty good multispecies yield” 81 

(very good multi-specific performance). Ulrich et al. (2017) developed a method to 82 

operationalise the use of FMRs minimising the difference in catches obtained in two opposite 83 

fleet dynamic scenarios. This method was then translated into mixed-fisheries advice where 84 

the FMRs were used to provide an optimal set of fishing mortality within the ranges. These 85 

fishing rates were intended to minimise the risk of total allowable catch advice mismatches 86 

and address trade-offs between the most and least productive stocks (Ulrich et al., 2017; ICES, 87 

2017).  88 

 89 

In this work we present a new harvest control rule (HCR) to operationalise catch advice using 90 

the flexibility provided by these FMRs. The method proposed by Ulrich et al. (2017) operates at 91 

fleet level, whereas the HCR proposed in this paper operates at the stock level, based on the 92 

output of the single species stock assessment models. The objective of the harvest control rule 93 

is to produce consistent TAC advice among stocks within the FMRs while maximising the use of 94 

fishing opportunities. To illustrate the use of the proposed HCR, it is applied in two case 95 

studies.  The first case study is a hypothetical case study with three stocks and a single fleet 96 

which harvests them in a mixed-fisheries framework. The second case study is the demersal 97 

multi-fleet fishery which operates in Bay of Biscay and Celtic Sea. The first case study allows us 98 

to evaluate the performance and properties of the HCR under ideal conditions, while the 99 

second one allows us to test it in a real scenario where the multi-fleet interactions could affect 100 

its performance. The bio-economic performance of the HCR was compared with the 101 

performance of the current single stock MSY approach used by ICES to produce TAC advice. 102 

The comparison was done in terms of, (i) the ability of the HCR to bring the fishing mortality 103 



 

   

 

within the FMRs, (ii) the probability of the biomass being above the limit reference point and 104 

(iii) the uptake of fishing opportunities. The utility and application of this work is discussed in 105 

terms of mixed-fisheries within the region and wider implications for management. 106 

 107 

 108 

2 Material and methods 109 

2.1 Multi-Stock HCR 110 

A multi-stock HCR was developed with the objective of fulfilling the following conditions: 111 

1. To produce compatible catch advice among the stocks. 112 

2. To maximise uptake of fishing opportunities. 113 

3. To generate fishing mortality levels compatible with FMRs. 114 

 115 

1. Compatible catch advice. 116 

First, we assume a linear relationship between fishing mortality (F) and effort (E), with 117 

catchability, q, as proportionality parameter, i.e., F = q*E. Under this assumption to obtain 118 

consistent fishing mortality advice among the stocks we can multiply the current fishing 119 

mortalities, i.e., the status-quo fishing mortalities, 𝐹𝑠𝑞, by the same parameter, μ. 120 

Mathematically: 121 

 122 

Fadv𝑠𝑡 =  𝜇 ∙ Fsq𝑠𝑡   (1) 123 

 124 

where st denotes the subscript for stock and 𝐹adv the fishing mortality that will correspond 125 

with the TAC advice. Then, the solution consists on defining a μ that fulfils conditions 2 and 3.  126 

 127 

2. Maximise uptake of fishing opportunities 128 



 

   

 

If the 𝐹adv for all the stocks is equal or higher than the corresponding 𝐹target then all the fishing 129 

opportunities corresponding with MSY are being used. Then, we need to define 𝜇0 such that: 130 

Fadv𝑠𝑡 =  𝜇0 ∙ Fsq𝑠𝑡  = max𝑠𝑡 (
Ftarget𝑠𝑡

Fsq𝑠𝑡
) ∙ Fsq𝑠𝑡   (2) 131 

However, this option could produce fishing mortality advice in the upper part of the FMR more 132 

often than desired. To avoid this, the ‘max’ option can be replaced by the mean or the 133 

minimum. The multiplier obtained with the maximum option corresponds with the lowest 134 

multiplier that ensures the advice of all the stocks is equal or above Ftarget. However, if the 135 

‘max’ option results in exploitation levels for a stock that are too often above the target, 136 

replacing it by ‘mean’ is a more conservative alternative. The most conservative option is to 137 

use the minimum of the ratios, but this option would produce a loss of fishing opportunities 138 

for all the stocks except for the one that corresponds with the minimum.   139 

 140 

3. Compatible with FMRs 141 

With the ‘max’ and ‘mean’ options, the F advice in the previous step could be higher than the 142 

upper bound of the FMR of some stocks. Conversely, with the ‘min’ option, it could be lower 143 

than the lower bound. Hence, if necessary, the multiplier 𝜇0 is corrected applying a second 144 

multiplier to ensure that 𝐹adv falls within the FMRs for all the stocks: 145 

 146 

 𝐹adv𝑠𝑡 = {
𝜇0 ∙ Fsq𝑠𝑡 if   𝐹low𝑠𝑡  ≤ 𝜇0 ∙ Fsq𝑠𝑡 ≤ 𝐹upp𝑠𝑡  for all 𝑠𝑡,

𝜇1 ∙ 𝜇0 ∙ Fsq𝑠𝑡 if ∃ 𝑠𝑡 ∶    𝜇0 ∙ Fsq𝑠𝑡 <  𝐹low𝑠𝑡  |  𝜇0 ∙ Fsq𝑠𝑡 > 𝐹upp𝑠𝑡

. (3) 147 

 148 

where Fupp and Flow are the upper and lower bounds of the FMRs respectively and the 149 

calculation of the second multiplier 𝜇1depends on the options used. If ‘max’ or ‘mean’ options 150 

were used: 151 

𝜇1 = min𝑠𝑡 (
Fupp𝑠𝑡

Fadv2,𝑠𝑡
) (4) 152 



 

   

 

Where Fadv2,𝑠𝑡 correspond with the fishing mortality advice obtained in step 2. If ‘min’ option was 153 

used: 154 

𝜇1 = min𝑠𝑡 (max𝑠𝑡 (
Flow𝑠𝑡

Fadv2,𝑠𝑡
) ,

Fupp𝑠𝑡

Fadv2,𝑠𝑡
)   (5) 155 

 156 

The HCR with ‘max’ or ‘mean’ options could result in fishing mortality advice for some stocks 157 

below the lower bound of the FMR. However, as the fishing mortalities of all the stocks are 158 

moved by the same proportion, moving them to the lower bound would imply moving the 159 

fishing mortality advice of one of the other stocks above the upper bound of the FMR. 160 

Conversely, with the ‘min’ option, the multiplier is corrected to move the fishing mortality 161 

advice for all stocks above the lower bound (Equation 5) so to ensure that none of them 162 

exceed the upper bound. A graphical representation of the HCR is provided in Figure 1.  163 

 164 

[Insert Figure 1] 165 

2.2 Case studies 166 

The HCR was tested in two case studies. The stocks and their conditioning were the same in 167 

both case studies. The stocks included were the northern stock of hake (Merluccius 168 

merluccius), megrim (Lepidorhombus whiffiagonis) and white anglerfish (Lophius piscatorious) 169 

in the Bay of Biscay and Celtic Sea. In the first case study the fishery comprised a single fleet 170 

with a single métier which caught the three stocks simultaneously. In contrast, in the second 171 

case study the fishery was disaggregated in fleets and métiers which differed in the country, 172 

gear, mesh size, target species and area. 173 

2.3 Area 174 

The distribution of two of the stocks considered, white anglerfish and megrim, comprises ICES 175 

Subarea 7 and Divisions 8a,b,d (Figure 2). This area includes the Bay of Biscay and Celtic Seas 176 

ecoregion and the English Channel which is part of the Greater North Sea ecoregion 177 



 

   

 

(http://www.ices.dk/community/advisory-process/Pages/Ecosystem-overviews.aspx). The 178 

distribution of the third stock, northern hake, is much broader, from the Bay of Biscay to 179 

Norway, ICES Subareas 4, 6, and 7, and in Divisions 3a and 8a,b,d, (Figure 2). Although the 180 

catch advice for the stocks is calculated by ICES (ICES, 2018b) for the whole area of 181 

distribution, in terms of management, catch quotas are assigned to different areas. The catch 182 

quota of megrim and white anglerfish is given separately for Bay of Biscay (ICES Divisions 183 

8a,b,d) and Celtic Sea and English Channel (ICES Subarea 7). In turn, the catch quota of hake is 184 

assigned to four different areas, two areas with a low quota share, the Skagerrak & Kattegat 185 

and the North Sea, a third one in the Celtic Sea and a fourth one in the Bay of Biscay. These 186 

quotas were established in 1983 ((EEC) No 170/83) according to historical catch records. 187 

However, as the quotas were based on landings, the composition and technology of the fishery 188 

has evolved over time and the abundance and even the availability of the stocks have also 189 

changed, at present, there is a mismatch between the quotas and real catches. The study is 190 

focused solely in the Bay of Biscay and Celtic Seas ecoregion. 191 

[Insert Figure 2] 192 

 193 

2.4 The stocks 194 

The three stocks considered are assessed annually by ICES in the Bay of Biscay and Iberian 195 

Waters working group (WGBIE) (ICES, 2018b). Each of them has an analytical assessment and 196 

therefore absolute estimates of stock abundance and exploitation rate. Hake is assessed with 197 

the statistical integrated assessment method SS3 (Methot Jr and Wetzel, 2013). Megrim is 198 

assessed with a Bayesian statistical catch at age model designed specifically for this stock from 199 

the model presented in Fernandez et al. (2010). Finally, white anglerfish is assessed with a 200 

generic statistical catch at age model (Jardim et al., 2014).  201 

 202 

http://www.ices.dk/community/advisory-process/Pages/Ecosystem-overviews.aspx


 

   

 

The catch advice for these stocks is given using the harvest control rule defined by ICES in the 203 

framework of MSY. This HCR returns fishing mortality as a function of Spawning Stock Biomass 204 

(SSB) and afterwards the fishing mortality is translated into catch using the traditional catch 205 

production function developed by Baranov (Baranov, 1918; Branch, 2009) . The target fishing 206 

mortality in the HCR corresponds with MSY value when SSB is above the reference level Btrigger, 207 

if it is below the fishing mortality, it is decreased linearly. Case specific extraordinary measures 208 

are foreseen for the cases where SSB falls below the reference level Blim (Blim < Btrigger ). FMRs 209 

for the three stocks were calculated by ICES experts in several working groups (ICES, 2015; 210 

ICES, 2016; ICES, 2018a). The models used to calculate the FMRs project age structured 211 

populations forward using exponential survival equation and a stock-recruitment relationship 212 

introducing several sources of uncertainty. The FMRs were defined as the fishing mortalities 213 

levels that result in long term catches higher than 95% of MSY and which result in a probability 214 

of SSB falling below Blim lower than 5%. 215 

2.5 The fleets 216 

Within the study area the three species of interest are fished by a number of member states 217 

(Belgium, France, Ireland, Spain and United Kingdom), using a variety of gears; trawlers, 218 

longliners and gillnetters which respectively catch the 49%, the 28% and the 23% of the total 219 

catch of the three species, according to the data available in the ICES mixed-fisheries working 220 

group (ICES, 2018c). These percentages have been stable throughout the historic time series 221 

available for this study. Each of these gears interact with the three species of interest 222 

differently, resulting in varying mixed-fisheries interactions. For example, longliners show low 223 

level of mixed-fisheries interactions, and it is considered a highly targeted fishery, catching 224 

mostly hake. Gillnetters target hake species, however, this gear type demonstrates a mixed-225 

fisheries interaction with white anglerfish. Finally, trawlers, depending on the season and 226 

fishing area shows a wide variety of mixed-fisheries interactions resulting in all three species 227 

becoming targets and interacting at different levels depending on the fishing operations. 228 



 

   

 

Regarding selectivity, longliners catch mainly big hake individuals, from 40 cm to 80 cm, with 229 

the mean around 60 cm in a symmetric length distribution. The selectivity of gillnetters covers 230 

a greater range from 20 cm to 100 cm. In general, the length distribution has a negative skew 231 

and the mean is around 70 cm. The length distribution of trawlers depends on the area, while 232 

trawlers in ICES subarea 8 catch mainly individuals up to 40 cm, in ICES subarea 7 the 233 

individuals reach up to 80 cm. Megrim and white anglerfishes are mainly caught by demersal 234 

bottom trawlers. The length distribution in the catch of megrim comprises individuals mainly 235 

from 23 to 53 cm and in the case of white anglerfish from 10 to 100 cm. 236 

 237 

The effort and catch data of the fishing activity are collected and classified according to the 238 

fleet segments and métiers defined in the European Data Collection Framework (DCF) 239 

(2010/93/EU Appendix IV). A fleet (or fleet segment) is a group of vessels with the same length 240 

class and predominant fishing gear during the year (EC, 2008). A métier is a group of fishing 241 

operations targeting a similar (assemblage of) species, using similar gear, during the same 242 

period of the year and/or within the same area and which are characterised by a similar 243 

exploitation pattern (EC, 2008). As such, the fleet describes the vessels while the métier(s) 244 

describes the fishing activity(ies) in which the fleet engages (EC, 2008). 245 

2.6 The simulation  246 

The performance of the HCR was evaluated using the FLBEIA simulation model (Garcia et al., 247 

2017). FLBEIA is a multi-fleet and multi-stock bio-economic model developed in R using FLR 248 

libraries (Kell et al., 2007). The simulation started in 2018, ended in 2040 and it was run in 249 

parallel for 1000 iterations to take account of uncertainty in stock and fleet parameters.  250 

 251 



 

   

 

2.6.1 The stocks 252 

Stock data used in the conditioning of the model was taken from ICES assessment working 253 

group of the stocks (ICES, 2018b). Models used to describe the stock dynamics, the parameters 254 

used and the conditioning of the uncertainty were the same as those used in the calculation of 255 

the FMRs of these stocks (ICES, 2015; ICES, 2016; ICES, 2018a).  256 

 257 

The historical populations were projected forward using the exponential survival equation and 258 

a stock-recruitment relationship. Uncertainty in recruitment was introduced by varying the 259 

parameters of the stock-recruitment model in each iteration and adding a random variation 260 

around the stock-recruitment curve. For hake and megrim, a segmented regression stock 261 

recruitment relationship was used. Initially Beverton and Holt, Ricker and segmented 262 

regression models were fitted, in a Bayesian framework for hake and using bootstrap in the 263 

case of white anglerfish and megrim. For hake and megrim the segmented regression stock 264 

recruitment model was the best model in more than 80% of the iterations and the working 265 

group decided to use only segmented regression model to simulate the dynamics of these 266 

stocks (ICES, 2015; ICES, 2016). Furthermore, the breakpoint in the megrim stock recruitment 267 

model was fixed at the lowest observed biomass, because there was no apparent relationship 268 

between stock and recruitment. Hence, only the second parameter varied with iterations. For 269 

white anglerfish there was not a clear predominant relationship and a mixture of Beverton and 270 

Holt, Ricker and segmented regression was used (ICES, 2018a). In each iteration one of the 271 

three was chosen, Beverton and Holt in 9% of the iterations, Ricker in 35% and segmented 272 

regression in 56%. The conditioning of biological parameters carried out by the ICES working 273 

groups in the calculation of FMRs was based on the data used in the assessment models of the 274 

stocks (ICES, 2015; ICES, 2016; ICES, 2018b; ICES, 2018a). For the three stocks, natural 275 

mortality and maturity were constant in the projection. For hake, weight at age was also 276 

constant but for white anglerfish and megrim it was sampled randomly from the last ten years. 277 



 

   

 

Ten years is the default value recommended by ICES to bootstrap selection pattern and 278 

biological parameters when there are no trends in the data (ICES, 2015). In the calculation of 279 

FMRs, assessment error was also introduced. However, in the present analysis, we did not 280 

include any error in the assessment in order to isolate the performance of the HCR from the 281 

errors in the management procedure. 282 

 283 

In the single fleet case study, no uncertainty was introduced because the objective of the case 284 

study was to demonstrate the performance of the HCR under ideal conditions. Otherwise, it 285 

would not have been possible to distinguish between the effect of the HCR and the effect of 286 

the uncertainty. Hence, the median values were used to simulate the population. In this case 287 

study, the recruitment of white anglerfish was simulated with the segmented regression 288 

model that was the most probable of the three considered (see above). The performance of 289 

the HCR in a complex case study which includes technical interactions at fleet and stock level 290 

and including uncertainty in the key input factors was analysed in the multi-fleet case study. 291 

 292 

2.6.2 The fleets 293 

Catch and effort data at métier level are annually reported by the member states to ICES. The 294 

data reported comprises a huge number of fleets and métiers which makes it difficult to 295 

consider all of them in a simulation framework. Hence, to reduce the number of fleets and 296 

métiers, the fleets with a contribution to the total catch lower than 1% were merged into a 297 

single fleet. The merging process was done by stock, and one fleet per stock was defined to 298 

merge the catches of these marginal fleets. Furthermore, catches of hake in the North Sea 299 

were aggregated in an additional fleet with a single métier. The distributions of megrim and 300 

white anglerfish do not include the North Sea, hence there was no need to consider catches of 301 

these stocks for the North Sea fleet. The final configuration resulted in 22 fleets distinguished 302 

by country: France (FR), Ireland (IR), Spain (SP) and United Kingdom (UK), and gear type (long-303 



 

   

 

liners, gillnetters and different type of trawlers). In turn, each fleet had several métiers that 304 

depended on target species and mesh size used. There was a total of 51 métiers that caught 305 

some or all stocks.  306 

 307 

Weight at age of landings and discards for each métier were sampled from the last ten years, 308 

synchronised with the sampling of weight at age in the population as done in ICES working 309 

groups. In the working groups uncertainty in catchability was introduced by sampling the last 310 

10 years in the historical time series. However, the data available at fleet and métier level 311 

comprised only 5 years, and for some fleets data was incomplete. Hence it was not possible to 312 

conduct a bootstrap. Alternatively, as catchability is the cornerstone in the mathematical 313 

formulation of the HCR (equation 1) a local sensitivity analysis was carried out to analyse the 314 

performance of the HCR under different scenarios of variability in catchability: 315 

 316 

1. Catchability equal to the last three historical years’ average. Catchability is 317 

constant along years and iterations and varies with fleet (fl), métier (mt) and stock 318 

(st), 𝑞𝑓𝑙,𝑚𝑡,𝑠𝑡 . This scenario is referred as  ‘NoUnc’ along the manuscript 319 

2. Catchability variable along iterations and stocks. The same variability is introduced 320 

in all years using a lognormal error with median equal to one and coefficient of 321 

variation equal to 25%: 322 

𝑞𝑖𝑡,𝑦𝑟,𝑓𝑙,𝑚𝑡,𝑠𝑡 = 𝑞𝑓𝑙,𝑚𝑡,𝑠𝑡  ∙ 𝜀𝑖𝑡,𝑓𝑙,𝑚𝑡,𝑠𝑡              𝜀~𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙(1,0.25) 323 

This scenario is referred as ‘Unc_Stk’ along the manuscript. 324 

3. Catchability variable along iterations and years.  The same variability is introduced 325 

in all fleets, métiers and stocks using a lognormal error with median equal to one 326 

and coefficient of variation equal to 25%:  327 

𝑞𝑖𝑡,𝑦𝑟,𝑓𝑙,𝑚𝑡,𝑠𝑡 = 𝑞𝑓𝑙,𝑚𝑡,𝑠𝑡  ∙ 𝜀𝑖𝑡,𝑦𝑟              𝜀~𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙(1,0.25) 328 

This scenario is referred as ‘Unc_Yr’ along the manuscript. 329 



 

   

 

4. Catchability variable along iterations, years, fleets, métiers and stocks.  The 330 

variability is modelled using a lognormal error with median equal to one and 331 

coefficient of variation equal to 25%:  332 

𝑞𝑖𝑡,𝑦𝑟,𝑓𝑙,𝑚𝑡,𝑠𝑡 = 𝑞𝑓𝑙,𝑚𝑡,𝑠𝑡  ∙ 𝜀𝑖𝑡,𝑦𝑟,𝑓𝑙,𝑚𝑡,𝑠𝑡               𝜀~𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙(1,0.25) 333 

This scenario is referred as ‘Unc_YrStk’ along the manuscript. 334 

The first scenario allowed to evaluate the performance of the HCR under perfect conditions in 335 

terms of the stability of the fleet, while the other three allowed us to analyse the capacity of 336 

the HCR to cope with inter-annual changes in catchability and independent changes in 337 

catchability at stock level. In the fourth scenario the cumulative effect of both variabilities was 338 

analysed. In the last two scenarios the changes in the catchability along the stocks produced a 339 

stock dependent change in the position of the status-quo fishing mortality in relation to Ftarget.  340 

2.7 The management procedure 341 

In the management procedure, the HCRs were applied to the real stock status and exploitation 342 

rate indicators  . Hence, the HCR was applied to the real values in the fishery system. However, 343 

there was a two-year time lag between the population used to generate the advice and the 344 

year for which the advice was being generated. In all scenarios, including the multi-stock HCR 345 

scenario, first the HCR used by ICES in the MSY framework (referred here as single-stock HCR 346 

and described in section 2.4) was applied to find the fishing mortality by stock to be used in 347 

the generation of the catch advice. In the case of single-stock HCR scenarios these fishing 348 

mortalities were transformed into catch using the Baranov catch equation to generate the TAC 349 

advice. In the case of multi-stock HCR the fishing mortalities obtained using the single-stock 350 

HCR were used as input to the multi-stock HCR to calculate the 𝐹target . Afterwards the steps in 351 

Section 2.1 were followed to obtain the advised fishing mortality, that were transformed into 352 

catch using the Baranov catch equation. 353 

 354 



 

   

 

2.8 The scenarios 355 

In the single fleet case study eight scenarios were run. These included management scenarios 356 

which simulated either the landing obligation, where the fleets stopped fishing when the first 357 

quota was consumed; or a Business as Usual (BaU) situation, where the fleets stopped fishing 358 

when the last catch quota was exhausted. Under BaU the over-quota catches were discarded. 359 

For each of these management scenarios four different harvest control rules were applied, the 360 

single-stock HCR and the three variants of the multi-stock HCR described before. The three 361 

variants of the multi-stock HCR, ‘max’, ‘mean’ and ‘min’, were described and explained in 362 

detail in Section 2.1. In the multi-fleet case study, these eight scenarios were combined with 363 

the four catchability scenarios introduced in section 2.3.4, resulting in a total of 32 scenarios 364 

(see Table 1). 365 

2.9 Performance indicators 366 

The following indicators were used to assess the performance of the HCR in terms of 367 

sustainability of the stocks, ability to reach FMSY and the use of fishing opportunities: 368 

• Probability of SSB being below Blim in each projection year: p(SSB<Blim). Where Blim is 369 

the limit reference point for SSB used by ICES in the precautionary approach 370 

framework. The values used were the ones used by the assessment working group of 371 

the stocks (ICES, 2018b). 372 

• Fishing mortality along the whole time series (F). 373 

• The catch along the whole time series. 374 

• Quota uptake per stock defined as the ratio between the catch and the catch advice in 375 

year 2040. 376 

• Overall quota uptake in year 2040 defined as the sum of the squares of the ratio 377 

between the difference between the catch advice (TAC) and the real catch (C), and the 378 

TAC in 2018: 379 



 

   

 

𝐼 = ∑ (
𝑇𝐴𝐶𝑠𝑡−𝐶𝑠𝑡

𝑇𝐴𝐶2018,𝑠𝑡
)

2

    𝑠𝑡  (6) 380 

 381 

The closer the value of the indicator to 0 the greater uptake of fishing opportunities. The 382 

difference between the catch and the TAC was divided by the TAC in 2018 to put the values of 383 

all the stocks in the same scale.  As in the projection the TAC for white anglerfish was 0 in 384 

some years and iterations, the TAC of 2018 was used instead of the annual TACs. 385 

 386 

2.10 Illustration of the Multi-Stock HCR in practice. 387 

To illustrate the behaviour of the HCR using the three options defined in Section 2.1 ‘min’, 388 

‘max’ and ‘mean’ the multi-stock HCR was applied directly to three vectors of stock specific 389 

fishing mortalities: 390 

1. The status-quo fishing mortalities obtained in the latest assessments of the stocks 391 

(ICES, 2018). 392 

2. Alternative 1: The status-quo fishing mortalities in (1) were reduced to bring the 393 

fishing mortality of hake within the FMR and fishing mortality of megrim and white 394 

anglerfish to the upper bounds of the FMRs. 395 

3. Alternative 2: The fishing mortalities of megrim and white anglerfish were set close to 396 

the fishing mortality target and the fishing mortality of hake in the middle of the target 397 

and the upper bound.  398 

 399 

The final and intermediate fishing mortalities obtained with the three vectors are shown in 400 

Figure 3. In the intermediate step, the application of formula (2), the ‘max’ option brought the 401 

fishing mortality of hake to FMSY and the fishing mortality of the other two stocks (white 402 

anglerfish and megrim) well above the upper bound of the FMR. In contrast the HCR with the 403 

‘min’ option, moved the fishing mortality of the most restrictive stocks, white anglerfish and 404 



 

   

 

megrim, around the target and that of hake well below the lower bound. The fishing 405 

mortalities obtained with the ‘mean’ option were between the ‘min’ and ‘max’ options. In the 406 

final step, the fishing mortalities were the same for the three options, fishing mortality of 407 

white anglerfish equal to the upper bound of the FMR; megrim between FMSY and the upper 408 

bound; and hake well below the lower bound. In the first alternative scenario, the distance 409 

between fishing mortalities was reduced. In the first step of the HCR, all the fishing mortalities 410 

obtained with the ‘mean’ option were within the FMR, while with the other two options the 411 

fishing mortality of some stocks were outside the FMRs. Hence, in the second step, the fishing 412 

mortalities under the ‘mean’ option were not changed. With the ‘max’ option the fishing 413 

mortalities were reduced until all the fishing mortalities were within the FMRs, and were 414 

increased in the ‘min’ option. In the second artificial scenario, the status-quo fishing 415 

mortalities were already within the FMRs. With the ‘max’ option, the fishing mortalities were 416 

increased until all the fishing mortalities were at or above FMSY and with the ‘min’ option they 417 

were decreased. The fishing mortalities obtained with the ‘mean’ option were somewhere in 418 

between. In the second step, the fishing mortalities were not changed with any of the options.  419 

[Insert Figure 3] 420 

 421 

3 Results 422 

3.1 Single fleet case study 423 

The fishing mortality time series obtained in the single fleet case study using the two are 424 

shown Figure 4. In the single fleet case study and under current management system the HCR 425 

used by ICES produced fishing mortality for hake close to the target and for the other two 426 

stocks (white anglerfish and megrim) produced fishing mortalities well above the upper bound 427 

of the FMR. Under landing obligation, fishing mortality for megrim was around the target, for 428 

hake below the lower bound and for white anglerfish in the lower part of the FMR. The multi-429 



 

   

 

stock HCR produced similar results under current management system and landing obligation. 430 

The multi-stock HCR with the ‘max’ setting produced fishing mortality of hake slightly above 431 

the lower bound of the FMR and fishing mortality for the other two stocks around the upper 432 

bound of the FMR. In turn, the ‘mean’ option moved the fishing mortality of hake to the lower 433 

bound, and that of the other two stocks slightly below the upper bound. Finally, the ‘min’ 434 

option reduced the fishing mortalities slightly below the ‘min’ option. 435 

[Insert Figure 4] 436 

 437 

 438 

Figure 5 shows the quota-uptake obtained in 2040 for the scenarios tested in the single fleet 439 

case study. The single-stock HCR produced an overshoot of the TAC greater than 60% in the 440 

case of megrim and white anglerfish under the actual management system. In contrast, the 441 

landing obligation produced a loss, of around 40%, in the fishing opportunities of hake. Using 442 

the multi-stock HCR, the overshoot of the TAC decreased for megrim and white anglerfish 443 

under actual management system which in the worst case was 15%. In turn, under landing 444 

obligation, the loss of fishing opportunities for hake decreased significantly, from 43% to 15%, 445 

but the loss increased for megrim, from 2% to 10% in the worst scenario. 446 

 [Insert Figure 5] 447 

 448 

3.2 Multi fleet case study 449 

3.2.1  p(SSB<Blim) 450 

Probability of SSB falling below Blim was always zero for hake and it was always lower than 1% 451 

for megrim. For white anglerfish the probability varied by year and scenario from 0% to almost 452 

100%. The probabilities obtained for each year and scenario for white anglerfish are shown in 453 

Table 1.  The probabilities obtained in ‘NoUnc’ and ‘Unc_Yr’ scenarios were similar. Without 454 

the landing obligation, the highest probabilities were obtained in the SSHCR scenario. From 455 



 

   

 

2023 onwards, the probability was higher or equal to  90% in all scenarios except the ‘Unc_Stk’ 456 

scenario where the probability decreased to 70% in most of the years. The probabilities 457 

decreased with the multi-stock HCR, in the long term with the ‘max’ option the probabilities 458 

were around 24%, 55% and 81% in the ‘NoUnc’,   ‘Unc_Stk’ and ‘Unc_YrStk’ scenarios 459 

respectively. With the ‘mean’ and ‘min’ options these probabilities decreased considerably. In 460 

the case of the ‘mean’ scenarios the probabilities were almost 0 in the ‘NoUnc’ and ‘Unc_Yr’ 461 

scenarios and  around 34% and 53% in the ‘Unc_Stk’ and ‘Unc_YrStk’ scenarios respectively. In 462 

the case of ‘min’ scenarios, the probabilities were slightly above 5% since 2032 in the ‘NoUnc’ 463 

and ‘Unc_Yr’ scenarios and was equal to zero in the other two. With landing obligation, except 464 

in the MSHCR-max scenarios, the probability of SSB being below Blim was almost zero. In the 465 

MSHCR-max scenario, the probability increased up to 52% when variability was introduced at 466 

stock and year level, and up to 33% when it was only introduced at stock level. In the other 467 

two scenarios the probability was zero in all the years. The time series of SSB are available in 468 

the supplementary material. 469 

[Insert Table 1] 470 

 471 

3.2.2  Fishing mortality 472 

The fishing mortality times series at stock level obtained in the scenarios tested in the multi-473 

fleet case study are shown in Figure 6. In this case study, under current management system 474 

and with no uncertainty, the SSHCR scenario produced fishing mortality around the target for 475 

hake, and around the upper bound for the other two stocks. Under the landing obligation, the 476 

fishing mortality of hake was close to the lower bound, that of megrim close to the target, 477 

although slightly below, and that of white anglerfish in the middle of the target and the lower 478 

bound. Under current management system, the multi-stock HCR with the ‘max’ option 479 

produced fishing mortality levels similar to those obtained with the single-stock HCR. However, 480 

the ‘mean’ option, under the current management system, drove all the fishing mortalities 481 



 

   

 

within the corresponding FMR, hake’s fishing mortality to the lower part of the FMR and the 482 

fishing mortality of the other two stocks to the upper part. The ‘min´ option moved the fishing 483 

mortality of hake to around the lower bound and the other two around the target. In the case 484 

of landing obligation the single-stock HCR  produced fishing mortalities below the lower bound 485 

of the FMR for all stocks. With the multi-stock HCR and the ‘max’ option, the fishing mortalities 486 

of megrim and white anglerfish were situated in the upper part of the FMR and that of hake in 487 

the lower. The trends obtained with the ‘min’ and ‘mean’ options were similar to those 488 

obtained in the ‘max’ option but at lower levels. The lowest fishing mortality level was 489 

obtained with the ‘min’ option, in that case, hake’s fishing mortality was below the lower 490 

bound and the fishing mortality of the other two stocks in the lower part of the FMR. The 491 

introduction of uncertainty at year and stock level in the BaU scenario did not only result in a 492 

large increase in the width of the intervals but also an increase in the median fishing mortality 493 

of megrim and white anglerfish, above the upper bound of the FMR when multi-stock HCR was 494 

applied and a slight movement upwards in the case of single-stock HCR. The fishing mortality 495 

of hake also increased slightly with the multi-stock HCR and ‘min’ option. Under the landing 496 

obligation, the impact of the uncertainty was the opposite, with a decrease in the fishing 497 

mortalities of megrim and white anglerfish and an increase in that of hake. The results for the 498 

other uncertainty scenarios are provided as supplementary material; the scenario with 499 

uncertainty at year level produced practically the same catches as the scenario with no 500 

uncertainty. The other scenario generated similar results to the scenario with uncertainty at 501 

stock and year level, but the uncertainty was slightly larger.    502 

[Insert Figure 6] 503 

 504 

3.2.3  Catch 505 

Figure 7 shows the catch time series obtained in the scenarios tested in the multi-fleet case 506 

study for each of the stocks. Median hake catches in the long term were similar in all scenarios. 507 



 

   

 

Some slight differences arose in the confidence intervals that were larger in the scenarios with 508 

uncertainty in catchability. In the short term there were big differences driven principally by 509 

the HCR used and the implementation or not of the landing obligation. In the short term, the 510 

catches under landing obligation were lower and the HCR that produced the lowest catches 511 

was the multi-stock HCR with the ‘min’ option. In turn, the maximum catches were produced 512 

by the single-stock HCR in BaU scenarios and the multi-stock HCR with ‘max’ option in the 513 

landing obligation scenarios. For megrim something similar happened. However, for this stock 514 

the impact of uncertainty was larger and in the ‘Unc_YrStk’ with the landing obligation 515 

scenario the catches obtained were higher than those obtained in the rest of the scenarios. In 516 

the short term when the landing obligation was implemented, some differences appeared also 517 

in the case of hake. In the case of megrim catches produced by the single-stock HCR were 518 

similar to those obtained in the multi-stock HCR with ‘min’ option instead of with ‘max’ option 519 

as in the case of hake. For white anglerfish under the landing obligation, the catches in the 520 

long term were similar for all scenarios and in the short term trends were similar to those 521 

observed in the case of megrim but the difference between scenarios was lower. Under BaU 522 

management, in the long term, in the MSHCR scenarios with ‘mean’ and ‘min’ options and no 523 

uncertainty, catches stabilised around the same value as in the landing obligation scenario. 524 

However, in the rest of the scenarios catches had a decreasing trend, especially in the case of 525 

single-stock HCR and the multi-stock HCR with ‘max’ option in ‘Unc_YrStk’ scenario. In the 526 

short term the general trends were similar to those observed for megrim. The results for the 527 

other uncertainty scenarios are provided as supplementary material, the scenario with 528 

uncertainty at year level produced practically the same catches as the scenario with no 529 

uncertainty. The other scenario generated similar results to the scenario with uncertainty at 530 

stock and year level, but the uncertainty was slightly larger. 531 

[Insert Figure 7] 532 

 533 



 

   

 

3.2.4 Overall quota uptake 534 

The radar plot in Figure 8 shows the overall quota uptake indicator defined in section 2.9 for 535 

each of the scenarios run in the multi-fleet case study. The value of the indicator in the 536 

scenario with no uncertainty (‘NoUnc’) and the scenario with uncertainty at year level 537 

(‘Unc_Yr’) were practically the same. In these two scenarios, when the multi-stock HCR was 538 

used, the indicator was close to 0, i.e the TACs were fully consumed for all stocks and there 539 

were no over-quota catches. In the BaU scenario with single-stock HCR the value of the over-540 

quota indicator was close to 0.3, when landing obligation was applied the value of the 541 

indicator decreased below 0.025 (Figure 8). In the scenarios with uncertainty at stock level 542 

(‘Unc_Stk’ and ‘Unc_YrStk’) the uptake of fishing opportunities decreased (Figure 8). Both 543 

scenarios produced similar results but the quota uptake in ‘Unc_YrStk’ scenarios was the 544 

worst. In the BaU scenarios the indicator was close to 0.3 and between 0.05 and 0.025 in the 545 

rest of scenarios. In the landing obligation scenarios, there were no big differences in the value 546 

of the indicator but the lowest value was obtained with the multi-stock HCR and ‘max’ option, 547 

and the highest with the ‘min’ option. 548 

[Insert Figure 8] 549 

 550 

3.2.5 Quota uptake by stock 551 

The median quota uptake by stock is shown in Figure 9. The scenarios with no uncertainty and 552 

with uncertainty only at year level (‘NoUnc’ and ‘Unc_Yr’) and the two scenarios that included 553 

uncertainty at stock level (‘Unc_Stk’ and ‘Unc_YrStk’) produced similar results. When there 554 

was no uncertainty, except in the scenarios ‘BaU_SSHCR’ and ‘LO_SSHCR’, the quota 555 

consumption was close to full consumption for all stocks. In ‘BaU_SSHCR’ there was a big over-556 

quota catch of megrim and white anglerfish, especially the latter. Conversely, in the 557 

‘LO_SSHCR’ scenario, there was a large amount of quota left for hake. In the scenarios that 558 

included uncertainty at stock level the differences with the other two scenarios were observed 559 



 

   

 

especially for hake. In the ‘BaU’ scenarios with multi-stock HCR , when uncertainty at stock 560 

level was introduced, the implementation of the quota changed from almost perfect to an 561 

over-quota of around 13% and in the scenarios with the landing obligation the impact of the 562 

uncertainty was just the opposite; it caused a surplus of quota of around a 13%. 563 

[Insert Figure 9] 564 

 565 

3.2.6  Quota uptake by fleet 566 

Figure 10 shows the median quota uptake by fleet and stock in year 2040 forthe scenarios 567 

without variability in catchability (‘NoUnc’) and with uncertainty at stock and year level are 568 

shown (‘Unc_YrStk’). Although, the results were similar to those obtained overall at stock level, 569 

some differences appeared at fleet level. The fleet that differentiated more from the rest was 570 

the ‘OT8_SP’ (the Spanish trawlers operating in ICES subarea 8). In the BaU scenario without 571 

uncertainty, while the other fleets almost fully consumed their quota of hake, the ‘OT8_SP’ 572 

fleet had an over-quota catch larger than 10%. In the case of megrim and white anglerfish, in 573 

the BaU scenario, there was a large overshoot of the quota for all fleets and the two 574 

uncertainty scenarios. The quota overshoot was mitigated using the multi-stock HCR, 575 

especially for white anglerfish. For megrim, for some fleets (‘OT8_SP’, ‘OTB_UK’ and ‘TBB_IR’), 576 

the overshoot persisted but at lower level (<15%) in the case of no uncertainty. When 577 

uncertainty was introduced the consistency of catch with the quota of both stocks 578 

deteriorated, especially for ‘OT8_SP’ in the case of megrim and ‘TBB_IR’ in the case of white 579 

anglerfish. Under the landing obligation, megrim was the stock that limited the fishing activity 580 

for most of the fleets. This limitation produced a loss in the catch of hake and white anglerfish 581 

but the level was fleet dependent. The biggest losses were observed for hake and for all the 582 

fleets when uncertainty was introduced in catchability and for white anglerfish in ‘OT8_SP’ 583 

fleet. When uncertainty was added to catchability, the general trends were similar, but the 584 

differences between the catch-quotas and the real catches increased. For example, in the case 585 



 

   

 

of hake and BaU it resulted in going from barely no over-quota catches under BaU scenarios to 586 

having more than 30% for almost all fleets.  587 

[Insert Figure 10] 588 

 589 

4 Discussion and Conclusions 590 

This proposed multi-stock HCR generates compatible catch advice for stocks exploited in a 591 

mixed-fishery, resulting in no choke species when the stocks are exploited by a single fleet. 592 

When the HCR is applied in a complex fishery, with several fleets and métiers, the problem 593 

with the mismatch between the different catch advice is not fully solved. However, the 594 

consistency in quota uptake is better than with the application of single-stock HCR. The 595 

minimal data requirements of this method, requiring just the reference points and the output 596 

of stock assessment models make it easily applicable to the periodic generation of catch 597 

advice.  598 

 599 

When uncertainty was not included in catchability, the HCR in the ‘min’ and ‘mean’ scenarios 600 

was able to bring the fishing mortality within the FMRs, when implemented without the 601 

landing obligation. However, in the ‘max’ scenario the probability of the fishing mortality of 602 

the most restrictive stocks being above the upper bound was estimated to be around 50%. 603 

With the landing obligation, both HCRs brought the fishing mortalities within the FMRs. In the 604 

single fleet case study, the fishing mortalities under the landing obligation were similar to 605 

those obtained under current management system. Hence, in a real situation, if the fleet-606 

based selection patterns were similar to the overall one, the multi-stock HCR would generate 607 

consistent catch advice for all fleets and the implementation of landing obligation to overcome 608 

discards derived from quota mismatches would not be necessary. Nevertheless, in multi-fleet 609 

fisheries it is weird that the overall and fleet level selection patterns are similar. Moreover, the 610 

problem with discards related with minimum landings sizes or high grading would remain 611 



 

   

 

unresolved. In general the long term catches produced by both HCRs were similar. Some 612 

differences arose for monkfish with the single-stock HCR and the multi-stock HCR with ‘max’ 613 

option. The use of fishing opportunities was better with the multi-stock HCR.  614 

 615 

Under current management system, in the long term, only the multi-stock HCR was 616 

precautionary in the sense defined by ICES (probability of being below Blim lower than 5%). In 617 

evaluations carried out previously by ICES using the same population dynamics and the same 618 

conditioning the single-stock HCR proved to be precautionary (ICES, 2015; ICES, 2016; ICES, 619 

2018a). Therefore, this study highlights the importance of considering fleet dynamics, or at 620 

least implementation error, when management plans are evaluated as already noted by other 621 

authors  (Punt et al., 2016).    622 

 623 

When uncertainty was introduced the performance of both HCRs deteriorated. The probability 624 

of the SSB of white anglerfish being below Blim increased, under current management  system 625 

the HCR was not able to bring the fishing mortality within the FMRs, and the uptake of catch 626 

quota was worse. Furthermore, there arose differences in the long-term catches produced for 627 

white anglerfish using different HCR settings. 628 

 629 

When there is only a single fleet the method in Ulrich et al. (2017) is similar to the HCR 630 

presented here, because the catch advices are fully compatible. However, the methods differ 631 

when several fleets are considered. For example, if there were two fleets, one which catch 632 

only one stock and a second one that catches all the stocks in the system the algorithm in 633 

Ulrich et al. (2017) would generate the advice that correspond with the catch profile of the 634 

second fleet. However, in the HCR presented here the catch profile used to produce the catch 635 

advice is a weighted mean of the individual catch profiles, where the weight is equal to the 636 

catches of the stocks at fleet level. One of the advantages of the multi-stock HCR compared to 637 



 

   

 

the method in Ulrich et al. (2017) is that the HCR can be applied directly to the output of the 638 

stocks assessment models without the need of using any fleet/métier catch and effort data. 639 

Although the necessary condition for the HCR to work satisfactorily is that there is a linear 640 

relationship between fleets’ effort and fishing mortality, for the calculation of the TAC advice 641 

only the overall fishing mortalities at stock level are used. 642 

 643 

García et al. (2017) proposed the use of multi-stock reference points based on a bio-economic 644 

dynamic optimisation model (Da Rocha et al., 2012). In this approach, the catch profiles among 645 

the stocks are considered only when the reference points are calculated. Hence, the 646 

management advice is not adapted to changes in catch profiles. As the multi-stock HCR uses 647 

the latest available information on fishing mortality, it adapts to changes in the catch profile of 648 

the fleets. The adaptability of HCR is especially important to account for changes in 649 

catchability. This is particularly relevant in mixed-fisheries systems because catchability is the 650 

link between the stock (fishing mortality) and the fleet (effort) (Rijnsdorp et al., 2007; Baudron 651 

et al., 2010; Ulrich et al., 2011a) and it models the productivity of the fleets. Furthermore, fleet 652 

dynamic models are usually sensitive to small variations in catchability (Dichmont et al., 2003; 653 

Iriondo et al., 2012). The multi-stock HCR has demonstrated to be robust to inter-annual 654 

changes in catchability. However, the introduction of uncertainty at stock level worsened the 655 

performance of the HCR. The uncertainty introduced in catchability is potentially over-656 

estimated because the coefficient of variation used is high (25%) and the correlation between 657 

the catchability of the stocks was not considered. However, the data available did not allow to 658 

estimate the variance-covariance matrices of the catchability.  659 

 660 

The performance of the HCR was found to be fleet dependent. If the catch profile of a fleet is 661 

similar to the overall catch profile, the fleet would consume the catch quotas of all stocks 662 

simultaneously. However, the consistency of the generated catch quotas degrades with the 663 



 

   

 

difference in the catch profiles. Furthermore, it penalises or rewards single stock fleets, 664 

depending if the advice fishing mortality of the stock is below or above the target. However, 665 

this is not a problem of the HCR itself but of the management system as already acknowledged 666 

by other authors (Ulrich et al., 2012; Voss et al., 2017).  667 

 668 

The multi-stock HCR provides an objective mechanistic way to generate yearly catch advice 669 

within the FMRs without inertia at one or other end of the bounds (Table 2). If adopted, it 670 

would avoid discussions about which point, within the FMR, should be used to provide advice, 671 

always the lower bound as proposed by Thorpe et al. (2017) or the  upper bound as fishermen 672 

are expected to demand (Rindorf et al., 2017b). 673 

 674 

[Insert Table 2] 675 

 676 

The performance of the HCR would improve if it were applied at fleet level.. In which case  677 

catch and effort data at fleet and métier level would be needed, the same data used in the 678 

mixed-fisheries management advice generation (Ulrich et al., 2011b; Ulrich et al., 2017). Then, 679 

the HCR could be applied multiplying ‘µ’ to the reference effort levels.  680 

 681 

In the simulation of the landing obligation, we used the average historical effort share and 682 

catchability to forecast fleets’ dynamics. However, when fully implemented (i.e., year 2019), 683 

the landing obligation is expected to produce a change in the fishing practices (Batsleer et al., 684 

2013; Simons et al., 2015)(Catchpole and Gray, 2010; Simons et al., 2015; Alzorriz et al., 2018). 685 

Thereby, producing a change in the effort-share, the catchabilities and/or the catch profiles. 686 

However, the objective of the work was not to forecast the fleet dynamics but to test if the use 687 

of a more holistic approach to fisheries management could result in a higher consumption of 688 

catch quotas given current fishing patterns.  689 



 

   

 

 690 

A cornerstone of the HCR is the relationship between fishing mortality patterns, using a linear 691 

relationship is a common practice but also widely criticised (Arreguín-Sánchez, 1996; van 692 

Oostenbrugge et al., 2008). Nevertheless, it could be replaced by any other relationship.  693 

 694 

The FMRs were introduced to provide flexibility to the advice system when defining the catch 695 

advice in a mixed-fisheries framework. The HCR presented here provides a simple procedure 696 

to operationalise the use of FMRs in the generation of mixed-fisheries advice.  However, as the 697 

performance of the HCR depends on the composition of the fishery, before applying it in 698 

reality it would be necessary to evaluate it in a management strategy evaluation framework 699 

(Punt et al., 2016).  700 

 701 
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Tables and Figures 866 
 867 
Table 1. Probability of SSB being below Blim from 2018 to 2040 for white anglerfish. 868 

The first column refers to the management system (Mng system), the second 869 
one to the harvest control rule used (HCR), the third to the variability in 870 
catchability scenarios (Scenario) and the rest to the simulation years. 871 

 872 
 873 

 874 
Table 2.  Proportion of iterations in which the upper bound of the stock was used to 875 
generate the management advice. Overall, in each scenario, the proportion of iterations 876 
in which any of the upper bounds was used correspond with the sum of the stock 877 
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specific proportions. HKE is the FAO code for HKE, MEG for megrim and MON for 878 
white anglerfish. 879 

 880 
 881 
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 886 
 887 
 888 
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 891 

Scenario Management HCR Uncertainty HKE MEG MON Overall

SC1a_max_01 NoUnc 0 0 0.83 0.28

SC1a_max_02 Unc_Yr 0 0 0.83 0.28

SC1a_max_03 Unc_Stk 0 0.28 0.44 0.24

SC1a_max_04 Unc_YrStk 0 0.35 0.55 0.3

SC1a_mean_01 NoUnc 0 0 0.94 0.31

SC1a_mean_02 Unc_Yr 0 0 0.94 0.31

SC1a_mean_03 Unc_Stk 0 0.31 0.43 0.25

SC1a_mean_04 Unc_YrStk 0 0.37 0.52 0.3

SC1a_min_01 NoUnc 0 0 0.3 0.1

SC1a_min_02 Unc_Yr 0 0 0.3 0.1

SC1a_min_03 Unc_Stk 0 0.31 0.42 0.24

SC1a_min_04 Unc_YrStk 0 0.38 0.52 0.3

SC1b_max_01 NoUnc 0 0 0.92 0.31

SC1b_max_02 Unc_Yr 0 0 0.92 0.31

SC1b_max_03 Unc_Stk 0 0.25 0.41 0.22

SC1b_max_04 Unc_YrStk 0 0.32 0.51 0.28

SC1b_mean_01 NoUnc 0 0 0.66 0.22

SC1b_mean_02 Unc_Yr 0 0 0.65 0.22

SC1b_mean_03 Unc_Stk 0 0.06 0.07 0.04

SC1b_mean_04 Unc_YrStk 0 0.04 0.05 0.03

SC1b_min_01 NoUnc 0 0 0.05 0.02

SC1b_min_02 Unc_Yr 0 0 0.05 0.02

SC1b_min_03 Unc_Stk 0 0.02 0.03 0.02

SC1b_min_04 Unc_YrStk 0 0.02 0.03 0.02
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 892 
Figure 1. Graphical representation of the steps for applying the multi-stock HCR to two 893 
stocks, st1 and st2 . The y-axis of the plots represent the ratio between status-quo 894 
fishing mortality (Fsq) and the fishing mortality target (Ftarget). The white area comprises 895 
the area of the fishing mortality delimited by the ratio between Fupper and Flower, and 896 
Ftarget. For simplicity, in this example, the ratio between Fupper and Flower, and 897 
Ftarget is the same for both stocks but in general they are different. Step 1 illustrates 898 
the initial incompatibility in the F ratio between st1 (diamond) and st2 (star). In step 2 the 899 
three options of the multi-stock HCR  (max, mean and max) are implemented using 900 
equation (2), the dashed arrows denote the direction of change in the F ratio under 901 
these scenarios. Finally in step 3, cases which still remain outside the FMSY ranges are 902 
projected forward using equations 3, 4 or 5, contracting the F ratio to ensure that the 903 
resulting level of is compatible with the FMSY ranges of both species. 904 
 905 

 906 
Figure 2. Case study area. The blue area corresponds with the distribution of megrim 907 
and white anglerfish and the distributions of hake comprises also the green area. 908 
 909 
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 924 
Figure 3.  Fishing mortalities obtained in the three steps (in columns) of the application 925 
of the multi-stock HCR using different options, MSHCRmax (red square), MSHCRmean 926 
_st (dark blue circle) and MSHCRmin (light blue triangle). F statu quo (Fsq, red solid 927 
circle) is the same for all the HCRs.  The obtained fishing mortalities are shown along 928 
with the fishing mortality ranges (black triangles) and Fmsy (green square). The rows 929 
represent different starting points for the application of the HCR (different Fsq), in the 930 
first row the Fsq of these stocks in 2018 is used. The values used in the second and 931 
third row are invented.  HKE is the FAO code for HKE, MEG for megrim and MON for 932 
white anglerfish. 933 
 934 
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 936 



 

   

 

 937 
Figure 4.  Fishing mortality time series obtained using different harvest control rules 938 
under current management scenarios (BaU, top panels) and under landing obligation 939 
scenario (LO, bottom panels) in the single fleet case study. The horizonal lines 940 
correspond with fishing mortality ranges and with MSY fishing mortality. The lines 941 
represent different HCR, the HCR used by ICES in the MSY framework (SSHCR, 942 
black) and the multi-stock HCR using different options, max (MSHCRmax, yellow), 943 
mean (MSHCRmean, blue) and min (MSHCRmin, green).   HKE is the FAO code for 944 
HKE, MEG for megrim and MON for white anglerfish. Although the simulation was run 945 
until 2040, as the system was already stable in 2030, to gain detail in the short term the 946 
years with highest variability, only the time series up to 2030 are shown 947 
 948 
 949 

 950 
Figure 5. Quota uptake in 2040 in single fleet case study using different harvest control 951 
rules under current management scenarios (BaU, top panels) and under landing 952 
obligation scenario (LO, bottom panels). The horizonal lines in 0 means that the catch 953 
is equal to the catch advice. The bars correspond with different HCR, the HCR used by 954 
ICES in the MSY framework (SSHCR, black) and the multi-stock HCR using different 955 
options, max (MSHCRmax, yellow), mean (MSHCRmean, blue) and min (MSHCRmin, 956 
green).   Positive bars indicate that the catch advice has been overshot and negative 957 



 

   

 

ones that it has not been reached. HKE is the FAO code for HKE, MEG for megrim and 958 
MON for white anglerfish. 959 
 960 
 961 
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 965 
 966 

 967 
Figure 6.  Fishing mortality time series obtained using different harvest control rules 968 
under current management scenarios (BaU, the plots in the first two columns in the left) 969 
and under landing obligation scenario (LO, the plots in the last two colums), without 970 
variability in catchability (NoUnc) and with variability in catchability at year and stock 971 
level (Unc_YrStk), in the multi-fleet case study. The horizonal lines correspond with 972 
fishing mortality ranges and with MSY fishing mortality. The lines represent different 973 
HCR, the HCR used by ICES in the MSY framework (SSHCR, black) and the multi-974 
stock HCR using different options, max (MSHCRmax,yellow), mean (MSHCRmean, 975 
blue) and min (MSHCRmin, green). Although the simulation was run until 2040, as the 976 
fishing mortality was already stable in 2030, to gain detail in the short term the years 977 
with highest variability, only the time series up to 2030 are shown. HKE is the FAO 978 
code for HKE, MEG for megrim and MON for white anglerfish. 979 
 980 
 981 



 

   

 

 982 
Figure 7.  Catch time series obtained using different harvest control rules under current 983 
management scenarios (BaU, the first two columns in the left) and under landing 984 
obligation scenario (LO, the last two column of plots), without variability in catchability 985 
(NoUnc) and with variability in catchability at year and stock level (Unc_YrStk), in the 986 
multi-fleet case study. Note that the scale is different for each of the stocks. The lines 987 
represent different HCR, the HCR used by ICES in the MSY framework (SSHCR, 988 
black) and the multi-stock HCR using different options, max (MSHCRmax,yellow), 989 
mean (MSHCRmean, blue) and min (MSHCRmin, green). . HKE is the FAO code for 990 
HKE, MEG for megrim and MON for white anglerfish. 991 
 992 
 993 
 994 
 995 
       c 996 
 997 
 998 

 999 
Figure 8. Quota  use  indicator  for  each  scenario  in  the  multi-fleet  case study using 1000 

different harvest control rules under current management scenarios (BaU) or under 1001 
landing obligation scenario (LO) and different variability in catchability (no variability 1002 



 

   

 

(NoUnc, black), variability at stock level (Unc_Stk, yellow), variability at year level 1003 
(Unc_Yr, green ) and uncertainty at stock and year level (Unc_StkYr, blue) . Values 1004 
close to 0 indicate that the quota of all the stocks have been consumed completely.  1005 
Note that the outer part of the graph has been truncated and the distance between the 1006 
last two polygons is greater than between the others, this allows to show with more 1007 
detail the values close to zero. 1008 

 1009 
Figure 9. Quota uptake by stock in 2040 in multi-fleet case study using different 1010 
harvest control rules under current management scenarios (BaU) or under landing 1011 
obligation scenario (LO) and different variability in catchability (no variability (NoUnc, 1012 
black), variability at stock level (Unc_Stk, yellow), variability at year level (Unc_Yr, 1013 
green ) and uncertainty at stock and year level (Unc_StkYr, blue) . Values equal to 1 1014 
(dashed red line) indicate that the quota of the corresponding stock has been 1015 
consumed completely.  Note that the outer part of the White anglerfish’s graph has 1016 
been truncated and the distance between the last two polygons is greater than 1017 
between the others, this allows to show with more detail the values close to zero. 1018 
 1019 
 1020 
 1021 
 1022 
 1023 
 1024 



 

   

 

  1025 
 1026 
Figure 10. Quota by fleet and stock in 2040 in the multi-fleet case study using different 1027 
harvest control rules under current management scenarios (BaU) or under landing 1028 
obligation scenario (LO) and different variability in catchability (no variability in the left 1029 
and uncertainty at stock and year level in the right) . The color lines correspond with 1030 
different fleets (OT7_SP (black), OT8_SP (yellow), OTB_UK (blue), TBB_IR (green) 1031 
and TBB_UK (yellow) ). Values equal to 1 (dashed red line) indicate that the quota of 1032 



 

   

 

the corresponding stock has been consumed completely.  Note that the outer part of 1033 
the White anglerfish’s graph has been truncated and the distance between the last two 1034 
polygons is greater than between the others, this allows to show with more detail the 1035 
values close to zero. 1036 
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