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 42 

Abstract 43 

We address the problem of optimal size-selective exploitation in an age-structured fish 44 

population model by systematically examining how density- and size-dependency in growth, 45 

mortality and fecundity affect optimal harvesting patterns when judged against a set of 46 

common fisheries objectives. Five key insights are derived. First, while minimum-length 47 

limits often maximize the biomass yield, exploitation using harvest slots (i.e., regulations that 48 

protect both immature and very large individuals) can generate within 95% of maximum 49 

yield, and harvest slots generally maximize the number of fish that are harvested. Second, 50 

density-dependence in growth and size-dependent mortality predict more liberal optimal 51 

size-limits than those derived under assumptions of no density and size-dependence. Third, 52 

strong density-dependence in growth maximizes the production of trophy fish in the catch 53 

only when some modest harvest is introduced; the same holds for numbers harvested, when 54 

the stock-recruitment function follows the Ricker-type. Fourth, the inclusion of size-55 

dependent maternal effects on fecundity or egg viability has only limited effects on optimal 56 
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size limits, unless the increase in fecundity with mass (“hyperallometry”) is very large. 57 

Extreme hyperallometry in fecundity also shifts the optimal size-limit for biomass yield from 58 

the traditional minimum-length limit to a harvest slot. Fifth, harvest slots generally provide 59 

the best compromises among multiple objectives. We conclude that harvest slots, or more 60 

generally dome-shaped selectivity to harvest, can outperform the standard minimum-length 61 

selectivity. The exact configuration of optimal size limits crucially depends on objectives, 62 

local fishing pressure, the stock-recruitment function and the density and size-dependency 63 

of growth, mortality and fecundity.  64 

 65 

Keywords: Beverton and Holt, Esox lucius, fecundity, maternal effects, fisheries yield, 66 

harvest slot, hyperallometry, minimum-legnth limit, northern pike, recreational fisheries, 67 

Ricker 68 

 69 

Introduction 70 

Traditional fish population and harvesting theory has largely been developed under a single 71 

management objective – to maximize biomass yield (Beverton & Holt, 1957; Schaefer, 1957), 72 

translated into the long-term goal of directing fishing mortality to levels that guarantee the 73 

maximum sustainable yield (MSY) (Larkin, 1977). Single species age-structured population 74 

models widely support the prediction that biomass yield is maximized by implementing 75 

sharp selectivity in harvest and direct exploitation on ages/sizes where a cohort’s biomass 76 

peaks (Froese et al., 2016). One common harvest regulation able to safeguard such 77 

selectivity is a minimum-length limit (Allen, Hanson, Ahrens, & Arlinghaus, 2013; Clark, 78 

Alexander, & Growing, 1980; Jensen, 1981; Maceina, Bettoli, Finely, & DiCenzo, 1998; Ricker, 79 

1945) or more generally size- and/or age-dependent sigmoidal selectivity where small and 80 

young fish are protected from harvest and large and old(er) fish are harvested (Beverton & 81 

Holt, 1957; van Gemert & Andersen, 2018). Management of size-selectivity enjoys 82 

substantial support among stakeholders and is particularly prevalent in fisheries where 83 

direct management and control of fishing mortality rate, e.g. through quotas on landings or 84 

effort controls, is impossible, too costly, or logistically daunting. Examples are recreational 85 

fisheries (Arlinghaus, Lorenzen, Johnson, Cooke, & Cowx, 2016; Noble & Jones, 1999) and 86 

data-limited fisheries in the developing world (Prince & Hordyk, 2019; Wolff, Taylor, & 87 

Tesfaye, 2015). 88 
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Depending on fishing mortality rates, implementation of minimum-length limits may 89 

come at the cost of severe age and size truncation, leading to a strong decline or even loss of 90 

large and by the same token old fish in exploited stocks (Arlinghaus, Matsumura, & 91 

Dieckmann, 2010; Barnett, Branch, Ranasinghe, & Essington, 2017; Beamish, McFarlane, & 92 

Benson, 2006; Pierce, 2010). The demise of large fish may negatively affect fishing quality, in 93 

particular in fisheries where the catch or harvest of large fish produces particularly large 94 

benefits to humans (Asche, Chen, & Smit, 2015; Beardmore, Hunt, Haider, Dorow, & 95 

Arlinghaus, 2015; Carlson, 2016; Witteveen, in press). There are also fisheries where 96 

intermediate fish sizes (“plate-size fish” or “kitchen fish”) generate higher market prices than 97 

either smaller or larger individuals (Reddy et al., 2013), suggesting that harvest slots – 98 

combinations of minimum and maximum size limits or generally dome-shaped selectivity to 99 

harvest – may be superior harvesting patterns than minimum-length limits under certain 100 

fisheries objectives and conditions (Arlinghaus et al., 2010; Gwinn et al., 2015; Law, 2007; 101 

Ayllón et al. 2019).  102 

Indeed, depending on local culture and stakeholder composition (e.g., the mixture of 103 

commercial and recreational fishers in a local fishery) biomass yield maximization may not 104 

be socially optimal (Johnston, Arlinghaus, & Dieckmann, 2010; Johnston, Beardmore, & 105 

Arlinghaus, 2015). In particular recreational anglers often value other fisheries objectives 106 

more strongly than biomass yield, e.g., the catch of memorable large fish or high catch rates, 107 

from which only a portion is taking home for dinner (Arlinghaus et al., 2019). For harvest-108 

oriented recreational fisheries, Gwinn et al. (2015) argued that the number of fish harvested, 109 

rather than biomass yield, maybe a more suitable target as higher numbers of acceptably 110 

sized fish available for distribution among a large pool of anglers may produce higher overall 111 

utility than a maximized biomass yield where the landings are composed by on average 112 

larger, but overall much fewer fish (Arlinghaus et al., 2010; Ayllón et al., 2019). Many local 113 

fisheries are co-exploited by both commercial and recreational fisheries, e.g., most coastal 114 

fisheries (Arlinghaus et al., 2019). Here, both biomass oriented (tailored towards commercial 115 

fishers) and more catch or size oriented fisheries objectives (tailored towards recreational 116 

fisheries) will be jointly important. A key question then is which size limit to use to produce 117 

acceptable compromises that fulfill a range of often-conflicting objectives without perhaps 118 

optimizing any single one (Ayllón et al., 2019; García-Asorey, Escati-Penaloza, Parma, & 119 

Pascual, 2011; Gwinn et al., 2015; Koehn & Todd, 2012). Gwinn et al. (2015) presented a 120 
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single-species age-structured model that suggested harvest slots could constitute such a 121 

compromise regulation that maybe superior to classical minimum-length limits in meeting 122 

several objectives jointly.  123 

Minimum-length limits have recently come under scrutiny because of conservation 124 

concerns associated with strong juvenescence effects (e.g., Anderson et al., 2008; Arlinghaus 125 

et al., 2010; Birkeland & Dayton, 2005; Sánchez-Hernández, Shaw, Cobo, & Allen, 2016). 126 

Strong declines in highly fecund, large and old fish under intensive fishing may reduce total 127 

egg output (Barneche, Robertson, White, & Marshall, 2018; Berkeley, Hixon, Larson, & Love, 128 

2004a; Froese 2004; Hsieh, Yamauchi, Nakazawa, & Wang, 2010) and has been reported 129 

empirically and in models to destabilize stock dynamics (Anderson et al., 2008; Botsford, 130 

Holland, Field, & Hastings, 2014; Hixon, Johnson, & Sogard, 2014; Hsieh et al. 2006, 2010). 131 

Recent work has emphasized that traditional assumptions about the scaling of fecundity 132 

with fish size maybe wrong, challenging optimal harvesting patterns derived from traditional 133 

harvesting theory (Barneche et al., 2018; Hixon et al., 2014). While a linear increase in 134 

fecundity with the mass of individual fishes (so called isometric size-fecundity relationship) is 135 

well established in fisheries ecology and a standard assumption in stock assessments 136 

(Walters & Martell, 2004), recent studies have suggested two types of often-unaccounted 137 

size-dependent maternal effects to be widespread in fish. First, hyperallometric relationships 138 

of fish mass and fecundity across a vast range of fish species result in a positive relationship 139 

of mass-specific fecundity (i.e., relative fecundity in eggs per female mass) and body weight 140 

(Barneche et al., 2018). Barneche et al. (2018) in turn proposed that not accounting for 141 

hyperallometry in fecundity might foster inappropriate fisheries policies that focus harvest 142 

on particularly valuable old and large, highly fecund fish. Secondly, some fish species have 143 

been shown to have elevated egg and larval qualities with increasing size and by the same 144 

token age and body mass (e.g., Arlinghaus et al., 2010; Berkeley, Chapman, & Sogard, 2004b; 145 

Bravington, Grewe, & Davies, 2016; Hixon et al., 2014; Venturelli et al., 2010). However, the 146 

relevance of both the hyperallometric fecundity reserve associated with large sizes as well as 147 

size-dependent maternal effects on offspring quality for population dynamics and optimal 148 

harvesting are matters of substantial debate (Andersen, Jacobsen, & van Denderen, 2019; 149 

Arlinghaus et al., 2010; Arnold et al., 2018; Berkeley et al., 2004a; Cooper, Barbieri, Murphy, 150 

& Lowerre-Barbieri, 2013; Hixon et al., 2014; O’Farrell & Botsford, 2006; Shaw, Sass, & 151 

VandeHey, 2018). Indeed, as long as spawning stock biomass remains sufficiently high, 152 
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biological sustainability of the exploited population should be safeguarded under minimum-153 

length limit regulations. One key condition is to set the minimum harvest size above the size 154 

at maturation (Myers & Mertz, 1998; Froese, 2004; Prince & Hordyk, 2019) and to control 155 

discard mortality (Coggins, Catalano, Allen, Pine, & Walters, 2007; Johnston et al., 2015).  156 

Other conservation and fisheries problems may occur when minimum length limits 157 

are set without properly accounting for key aspects of density-dependence and natural 158 

mortality rate in fish population regulation (Brousseau & Armstrong, 1987). Published 159 

decision-trees about which type of size limit to choose to meet fisheries objectives carefully 160 

account for the strength of density-dependent growth and degree of natural mortality 161 

(Arlinghaus et al., 2016; FAO, 2012). Yet, most age-structured models that have been used to 162 

derive insights into optimal size limit assume no density-dependence in growth and no size-163 

dependency in mortality. For example, the classical yield-per-recruit model of Beverton & 164 

Holt (1957) neglects density feedback on individual growth and assumes constant adult 165 

mortality. Variants of this model have been intensively studied and used to examine the 166 

likely outcomes of a range of minimum-length and other size-based harvest limits in 167 

exploited stocks, targeted by both commercial and recreational fisheries (e.g., Campos & 168 

Freitas, 2014; Maceina et al., 1998; Sánchez-Hernández et al., 2016; Wolff et al., 2015).  169 

Yet, density-dependence is a key regulating factor of most fish stocks (Rose, Cowan, 170 

Winemiller, Myers, & Hilborn, 2001). While most fisheries scientists assume, rightly perhaps 171 

(Zimmermann, Ricard, & Heino, 2018), that most density dependence happens through 172 

juvenile mortality and recruitment early in life, there is increasing evidence that late-in-life 173 

density-dependence in growth (i.e., growth plasticity) can be important in selected stocks 174 

(Lorenzen & Enberg, 2002; Lorenzen, 2005; Zimmermann et al., 2018). When density-175 

dependence in growth is strong, particularly in the juvenile stage, minimum-length limits 176 

may contribute to “stock piling” and stunting under the length limit (Tesch, 1959), thereby 177 

eroding the productivity of exploited stocks (Arlinghaus et al., 2016). Such conditions have 178 

been implicated to contribute to the growth depression of young cod (Gadus morhua) in the 179 

Eastern Baltic (Svendäng & Hornburg, 2014) and to strongly affect the dynamics of exploited 180 

freshwater top predators (Andersen, Jacobsen, Jansen, & Beyer, 2017; Gilbert & Sass, 2016; 181 

Persson et al., 2003; Tesch, 1959). Density-dependent growth may also limit the production 182 

of trophy fish when resource limitation at high biomass density constrains individuals from 183 

reaching their full growth potential (Gilbert & Sass, 2016). Under such conditions, some 184 
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modest harvesting might release the necessary resources to foster growth and achieve 185 

attainment of large body sizes. Despite the prevalence of density-dependent growth in fish 186 

stocks, few models examine the costs and benefits of length limits explicitly accounting for 187 

growth plasticity (Lorenzen, 2016; Zimmermann et al., 2018).  188 

Many single-stock age-structured models also assume constant natural mortality 189 

rates in adults (Beverton & Holt, 1957; Froese et al., 2008; Gwinn et al., 2015; Maceina et al., 190 

1998; Sánchez-Hernández et al., 2016). However, size-dependent natural morality is 191 

widespread across a wide range of fishes (Andersen, 2019; Lorenzen, 2000; Peterson & 192 

Wroblewski, 1984). Together with density-dependent growth, size-dependent mortality can 193 

have strong impacts on how fish stocks respond to size-selective harvesting and other 194 

fisheries management interventions (Andersen, 2019; Lorenzen, 2005). In particular, strong 195 

inverse size-dependent mortality benefits large size over small size, therefore assuming the 196 

natural mortality rate M is constant across the adult life stage may underestimate the 197 

population dynamical consequences that protection of large individuals can have in 198 

exploited stocks. Additionally, natural mortality rate scales directly with fish productivity 199 

(Garcia, Sparre, & Csirke, 1989), hence stocks with strong size-dependent mortality can likely 200 

support larger harvest without collapsing.  201 

Size-limits are unlikely to produce optimal outcomes on all dimensions because there 202 

are fundamental trade-offs to navigate as the fish population changes in response to 203 

harvest. For example, while biomass yield tends to be maximized at intermediate 204 

equilibrium biomass, catch rates are maximal under unexploited conditions when 205 

abundance is maximal (Beverton & Holt, 1957). Gwinn et al. (2015) used an age-structured 206 

model calibrated to several life-history prototypes ranging from short-lived to long-lived 207 

species, suggesting that while minimum length limits maximized biomass yield, harvest slots 208 

produced better compromises among the numbers that were harvested and the catch of 209 

large, trophy fish. The limitation of the model by Gwinn et al. (2015) relates to the omission 210 

of density-dependent growth and size-dependent mortality, and they did not examine the 211 

systematic impact of Ricker-type stock recruitment compared to the standard Beverton-Holt 212 

stock recruitment model. Other models have accounted for some of these processes, but 213 

these model were calibrated to specific species (e.g., northern pike, Esox lucius, Arlinghaus 214 

et al., 2010; brown trout, Salmo trutta, Ayllón et al., 2019; catfishes of the genus Ictalurus, 215 

Steward, Long, & Shoup, 2016; lake trout Salvelinus namaycush, Lenker, Weidel, Jensen, & 216 
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Solomon, 2006; or walleye, Sander vitreus, Moreau & Matthias, 2018). Importantly, none of 217 

these studies have systematically asked which harvest policy is optimal given a spectrum of 218 

fishery objectives. Instead, discrete size limit configurations were usually modelled in light of 219 

single objectives. No study known to the authors has systematically examined the relative 220 

performance of sigmoidal and dome-shaped selectivity on fisheries performance across a 221 

broad range of fisheries objectives when density-dependent growth, size-dependent 222 

mortality and size-dependent hyperallometry in fecundity and egg viability are present to 223 

various degrees, and stock recruitment functions vary from Beverton-Holt-type to Ricker-224 

type with cannibalistic feedback. Most of the globe’s fish stocks analysed so far are regulated 225 

assuming a Beverton-Holt-type stock-recruitment, but cannibalistic top predators – common 226 

targets particularly of anglers - tend to follow the Ricker model (Szuwalski, Vert-Pre, Punkt, 227 

Branch, & Hilborn, 2015). Optimal harvesting is likely to be driven by the stock-recruitment 228 

relationship, because cannibalistic feedback can constrain the production of offspring in the 229 

Ricker model (Ricker, 1954), but not in the Beverton- Holt (1957) model. 230 

The objective of this paper was to systematically examine the impact of density-231 

dependent recruitment and growth as well as size-dependency in mortality and 232 

fecundity/egg viability on optimal size-limits across different management objectives. We 233 

asked what type of size-selectivity (i.e., which harvest regulation) is optimal when judged 234 

against individual objectives (e.g., biomass yield, number of fish harvested or catch rate) and 235 

when judged against an integrative multi-objective function designed to achieve 236 

compromises across multiple objectives. The former was done to provide evidence for how 237 

to possibly manage a system for one type of predominant fisheries stakeholder. The latter 238 

approach simulated cases where managers are tasked to jointly suit different stakeholders in 239 

one fishery (e.g., commercial and recreational fisheries). Following Gwinn et al. (2015) we 240 

hypothesized that harvest slots would produce the best compromise regulation across a 241 

wide range of assumptions about density- and size-dependence in growth, mortality and 242 

fecundity/viability. We further expected that increasing degree of density-dependent growth 243 

and size-dependent mortality would render optimal harvest regulations more liberal and 244 

that the presence of hyperallometry in fecundity and size-dependency in egg viability would 245 

promote harvest slots to be particularly suited relative to minimum-length limits (Arlinghaus 246 

et al., 2010). By evaluating the effects of several life history characteristics that  occur in 247 

most fish stocks (e.g., size dependent and density dependent growth and mortality, form of 248 
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the stock recruit curve, etc.), our analysis has broad applicability to management strategies 249 

across both recreational and commercial fisheries. 250 

 251 

Material and Methods 252 

 253 

Model species 254 

The prototypical species that we modelled represented the life history of northern pike 255 

(hereafter pike). This species was chosen because it represents an aquatic top predator that 256 

is widely distributed in Eurasia and North America in both freshwater and low salinity 257 

brackish waters (Skov & Nilsson, 2018). The pike and its close relative, the muskellunge (Esox 258 

masquinogy), constitute prime targets of fisheries throughout their distributional range 259 

(Crane et al., 2015). Pike have also colonized brackish coastal ecosystems, e.g., in the Baltic 260 

Sea, where they are co-exploited by commercial and recreational fisheries. Co-exploitation 261 

means that possibly conflicting fisheries objectives exist for the same stock that appropriate 262 

management regulations must compromise. For example, a jointly exploited stock may be 263 

desired to be managed both for as high biomass yield as possible to suit commercial fisheries 264 

as well as high catch rate to suit the desires of selected recreational anglers.  265 

The northern pike has a few additional features in its life-history that renders it a 266 

suitable model to explore for its reaction to size limits. Importantly, pike populations are 267 

governed by both intracohort as well as intercohort cannibalism (Persson et al., 2006). 268 

Therefore, pike mortality is size-related in both males and females (Haugen et al., 2007). 269 

Although cannibalism constitute a key mechanism that should lead to a Ricker-like stock-270 

recruitment relationship (Ricker, 1954), there is uncertainty about which stock-recruitment 271 

relationship best describes pike. Published work failed to detect a relationship of spawner 272 

stock size and recruitment (Paxton, Winfield, Fletcher, George, & Hewitt, 2009) or reported 273 

Ricker-type (Edeline et al., 2008; Minns, Randall, Moore, & Cairns, 1996; Langangen et al., 274 

2011). Pike stocks have been assumed to exhibit density-dependent growth (Arlinghaus, 275 

Matsumura, & Dieckmann, 2009), yet other work failed to find evidence for growth plasticity 276 

under natural gradients in density (Lorenzen & Enberg, 2002; Mann, 1980). Density-277 

dependence in growth, should it exist, will not only affect the compensatory reserve of pike 278 

populations and their resiliency to harvest (Beverton & Holt, 1957), but will also affect 279 

mortality through its impact on growth rate and thus size at age (Lorenzen, 2005).  280 
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Pike have been reported to show isometric (i.e., linear) increases in fecundity with 281 

mass (Frost & Kipling, 1967), but more recent work suggests that gonad mass as well as egg 282 

numbers may scale hyperallometrically with mass (Edeline et al., 2007). In addition, there is 283 

evidence for size-dependent maternal effects on egg and larval viability in pike, although few 284 

studies exist on this topic (Arlinghaus et al., 2010; Kotakorpi et al., 2013). Therefore, there 285 

remains substantial uncertainty about the presence of hyperallometry (i.e., increases in 286 

relative fecundity with mass) as well as size or mass-dependent maternal effects on egg 287 

quality and/or viability in pike, similar to many other species.  288 

 289 

Model formulation 290 

 291 

General modelling approach 292 

Optimal size regulations over a range of fishery objectives for our pike-like target species 293 

were explored using a classical age structured population model (Walters & Martell, 2004) 294 

(Figure 1), but with the additional features of including density-dependent population 295 

processes affecting both recruitment and growth as well as size dependence in mortality, 296 

maturation and egg production. We varied the stock recruitment function from Beverton-297 

Holt to Ricker-type to represent a large family of cases representing the majority of exploited 298 

stocks on the globe. We also allowed for the option of fecundity (egg numbers) to scale 299 

hyperallometrically with mass as well as the possibility of a positive linear effect of maternal 300 

age on egg-to-recruit survival (i.e., egg/larval viability effect). We contrasted predictions of 301 

hyperallometry in fecundity with the standard isometric relationships. The fisheries-302 

management objective could be set out of a suite of single objectives (biomass harvested, 303 

number harvested, number caught, and trophy sized caught) as well as the combined utility 304 

of all single objectives expressed as a linear combination of a logarithmic form of each 305 

objective. This log-scale combined utility function ensured that no single objective of the 306 

combined utility function was ignored in searching for an optimal compromise solution 307 

(Walters & Martell, 2004). Given a specified management objective, either single-objective 308 

or combined objective, lower and upper size limits were allowed to vary to maximize the 309 

objective given a specified potential fishing intensity (Figure 1), expressed as the 310 

instantaneous fishing mortality rate, F, in relation to the adult natural mortality, F/M, where 311 

M is the instantaneous natural mortality rate. Note the fishing mortality input into the 312 
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model was the potential fishing mortality that could be exerted if individuals were fully 313 

selected for by the fishery. The ultimate fishing mortality was affected by the selectivity 314 

ogive that resulted from the upper and lower size limits selected to maximize a given 315 

objective. Given the dependency of the system state on the fishing mortality, including 316 

potential discard mortality resulting from the lower and upper size limits as well as the 317 

cascading effects resulting from density dependent growth and size-dependent mortality, 318 

equilibrium solutions were found by iterative numerical methods. Model equations as well 319 

as parameters descriptions and values are presented in Tables 1 and 2 and are further 320 

summarized below. 321 

 322 

Figure 1 Conceptual description of the age structured fish population model. Bullet points 323 

indicate varying processes in the model. The colored boxes indicate management objectives. 324 

The question marks indicate the search for the optimal harvest regulations (in terms of size-325 

selectivity) while accounting for complex population dynamical feedbacks resulting from 326 

harvesting (“impacts”) until reaching equilibrium. 327 

 328 

Mortality 329 
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Natural mortality (equation 1 in Table 1) was modeled as size dependent following the 330 

recommendations and empirical results of Lorenzen (2000, 2005). Accordingly, size-specific 331 

natural mortality was assumed a function of mortality at a reference length (Lorenzen, 332 

2000). For this study, we chose a reference length of ��, the average asymptotic length of 333 

the fish in the population and calculated the reference mortality at �� following the growth-334 

based method proposed by Then, Hoenig, Hall, & Hewitt (2015). To achieve a decline in 335 

natural mortality with increasing length of fish, the reference mortality at ��was multiplied 336 

by the ratio of the length at the reference age (��) and length at a given age raised to a 337 

power � (equation 1 in Table 1) as in Lorenzen (2000). In our model, we explored optimal 338 

size limits over a range of the strength of size dependency by varying � in equation 1 from 0-339 

1.2. The result was a decline in age-specific mortality with increasing size-at-age. Typical 340 

shapes of the size-dependent mortality are shown in Figure 2d. Across a range of species 341 

stocked at different sizes, Lorenzen (2000) found the most suitable value for the power � to 342 

be 1 (called c in Lorenzen, 2000), and hence this value was used when size-based harvest 343 

policies were explored over a range of harvesting pressures.  344 

 345 

Growth 346 

Growth was assumed to follow the standard von Bertalanffy growth curve (von Bertalanffy, 347 

1938) modeled using the Ford-Walford (Ford, 1933; Walford, 1946) linear equation 348 

(equation 4 in Table 1). Density dependent changes in growth were modeled assuming a 349 

relative increase (�) in the size at age 1 as population density declined, where the population 350 

density effect was assumed proportional to “metabolic biomass” as the sum of the lengths 351 

squared in the population (rather than biomass) following recommendations by Walters & 352 

Post (1993). The relative increase in size with reduced population density was varied from 1-353 

1.5 (for a possible effect on size-at-age, see Figure 2c). When size-based harvest policies 354 

were explored over a range of harvesting pressure a fixed value for density-dependence of 355 

growth of 1.11 (i.e., 11% decline in �� from low to maximum population density) was used 356 

as the average value reported by Lorenzen & Enberg (2002) for fish populations showing 357 

density dependence in growth.  358 

Weight (i.e., mass at length) was modeled as the cube of length as is typical for fish 359 

(Walters & Martell, 2004). The combined effect of size dependent mortality and density 360 

dependent growth on relative yield can be seen conceptually in Figure 2h with both effects 361 
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increasing the optimum harvest rate when judged as the harvest rate maximizing biomass 362 

yield. 363 

 364 

Maturation and fecundity 365 

Maturity-at-age was calculated as the proportion of individuals of a given age above a size 366 

threshold for maturation assuming variation in size-at-age was normally distributed around 367 

the von Bertalanffy growth curve with a constant coefficient of variation (equation 6 in Table 368 

1) as is common in age-structured population models (Walters & Martell, 2004). 369 

Hyperallometry in fecundity with body weight was modeled as a power function of weight 370 

(equation 7 in Table 1) and scaled so that mean unfished eggs per recruit in the 371 

counterfactual isometric case (where absolute fecundity scaled linearly with body weight � 372 

=1) was the same under the hyperallometric case (see Figure 2e). When hyperallometry in 373 

fecundity was explored relative to the isometric case, exponent values of 1.29 and 2 were 374 

used for the power � of the mass-fecundity (egg number) scaling. An average value of the 375 

exponent of 1.29 across a wider range of marine fish species was reported in Barnache et al. 376 

(2018) for the weight-reproductive energy output scaling, while an average exponent of 1.18 377 

was reported across species when only batch fecundity was considered. Specific for pike, 378 

Arlinghaus et al. (2010) previously used an exponent of 1.22, reflecting published work on 379 

the species, and Marshall et al. (unpublished data) presented an improved scaling of 1.89 for 380 

26 species exhibiting repeat spawning. We thus choose a value of 1.29 to represent an 381 

extreme average case, and also explored a scaling exponent of 2 as the maximum exponent 382 

of the weight-fecundity relationship observed across several species by Barneche et al. 383 

(2018). The quite dramatic effect of hyperallometry on spawning potential ratio (SPR) can be 384 

seen in Figure 2h where the percent difference in SPR between the hyperallometric and 385 

isometric cases are shown.  386 

 387 

Stock-recruitment and size-dependent maternal effects 388 

Both Beverton-Holt (1957) and Ricker (1954) models for age-1 recruitment were modeled 389 

using Botsford incidence functions (Botsford, 1981a,b) following the methods for deriving 390 

equilibrium parameter values from Walters and Martell (2004) (equations 8-12 in Table 1, 391 

see Figure 2a,b). For both the Beverton-Holt and Ricker models, the maximum egg-to-recruit 392 

survival rate was calculated as the relative improvement in egg-to-recruit survival at low egg 393 
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densities, known as the Goodyear compensation ratio (�) (Goodyear, 1980), times the egg 394 

to recruit survival rate in the unfished state (which reduces the reciprocal of eggs-per-recruit 395 

(���) in the unfished state) (equation 10a in Table 1). The Beverton-Holt scaling parameter 396 

(�), affecting how egg to age 1 survival changes as a function of total egg numbers, was 397 

modeled as a function of the unfished equilibrium number of recruits (��), �, ��� (equation 398 

11a in Table 1). For the Ricker model, � was modeled as a function of ��, �, and the lifetime 399 

cannibalism impact per recruit (�����) (equation 11b in Table 1). The proportion of 400 

individuals cannibalistic at each age was modeled similar to mortality, with a length 401 

threshold above which individuals were cannibalistic (Claessen, De Roos, & Persson, 2004). 402 

Survival to age 1 then varied as a function of the total number of cannibals in the population. 403 

As a higher proportion of individuals in the population became cannibalistic (a lowering of 404 

the size threshold), the Ricker model approached the Beverton-Holt form (see Figure 2b). 405 

The cannibalism size threshold set for simulations was 60% of �� so that the Ricker 406 

recruitment curve had a dome shape. This produced contrast between the two recruitment 407 

models. Sensitivity analysis of this and all other key parameters (Table 2) was completed to 408 

see whether the size limits optimizing biomass yield were elastic to parameter changes. 409 

To explore the possible effect of increasing egg-to-recruit survival (size-dependent 410 

egg viability effect) with maternal age (and hence average size), maternal age-specific egg to 411 

age 1 survivals were modeled as a linear function of age (equation 10b in Table 1). If the 412 

slope (��) of the age/survival relationship is specified (e.g. a 2.5 relative increase in egg-to-413 

recruit survival from first time spawners at age 4 to age 9 females) then the intercept (��) 414 

can be solved for to ensure that the maximum egg-to-recruit survival rate is equal that when 415 

no maternal age effect is assumed (�� � 0) (see Figure 2f). The solution for �� depends upon 416 

the age-specific proportional egg production (Ω�,�) absent of harvest (equation 8 in Table 1), 417 

the lifetime proportional egg production per recruit (�Ω), and the slope (��) (rearrangement 418 

of equation 10b in Table 1). The viability effect of the maternal age relationship as we 419 

represented it can be seen in Figure 2a for the Beverton-Holt model: as the population 420 

declines through fishing and the older age classes are lost, the overall maximum egg-to-421 

recruit survival declines resulting in a lower slope of the recruitment curve. Thus, as older 422 

individuals are removed the population becomes less productive because their proportional 423 

contribution to egg production (Ω�) declines resulting in a decline in the egg to age 1 survival 424 

rate (	�


) (equation 10c in Table 1). Note, however, that quite large relative differences in 425 
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relative eggs-to-recruit survival are needed to cause large changes in the recruitment curve. 426 

When viability was modeled, a slope of 0.5 was used, representing a 2.5 fold higher egg 427 

quality of old pike relative to first time spawners as reported by Arlinghaus et al. (2010). 428 

 429 

Fishing mortality and size-selectivity 430 

Probability of capture and retention (equations 13 and 14 in Table 1) were modeled as the 431 

proportion of individual between the upper and lower size limits (representing size-432 

selectivity) assuming variability in growth was normally distributed around the von 433 

Bertalanffy growth curve with a constant coefficient of variation. The minimum length at 434 

capture was set at 25% of the maximum ��, as in Gwinn et al. (2015). Upper and lower 435 

limits for the retention probability were selected in our model to optimize pre-defined 436 

management objectives. The difference between the capture and retention curves 437 

determined the proportion of individuals captured that were retained (equation 15 in Table 438 

1), and individuals not retained were subjected to a release (i.e., discard or hooking) 439 

mortality (equation 16 in Table 1) as per Coggins et al. (2007). A mortality rate of 7.8% was 440 

used for the proportion not retained as this was the average hooking mortality reported in 441 

Hühn & Arlinghaus (2011) for pike that were angled.  442 

Numbers at age were updated assuming continuous mortality (equation 17 in Table 443 

1); a plus group for ages older that 20 years was not used because the mortality rates in our 444 

model resulted in age 20 being the maximum age (in agreement with reports in pike, Raat, 445 

1988). Biomass and numbers harvested were calculated using the Baranov (1918) catch 446 

equation with appropriate accounting for capture and retention (equations 18 and 19 in 447 

Table 1). The proportion of individuals at each age greater that the average �� was used to 448 

calculate trophy catch (equation 20 in Table 1), assuming variability in growth was normally 449 

distributed around the von Bertalanffy growth curve with a constant coefficient of variation. 450 

This threshold comes from work by Neumann, Guy, & Willis. (2012) in recreational fisheries 451 

and personal knowledge that a pike of about 100 cm is considered a trophy in many cultures. 452 

Total trophy fish caught as well as numbers caught (not to be confused with harvest) were 453 

calculated using the Baranov catch equation (equations 21 and 22 in Table 1) and the 454 

appropriate age-specific capture probability. 455 

 456 

Management objectives 457 
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Four management performance measures (biomass yield, numbers harvested, trophy catch 458 

and numbers captured) were explored. All four management measures were then combined 459 

when exploring a compromise management objective, as the sum of the natural logarithms 460 

of the values of each objective (equation 23 in Table 1) following Walters & Martell (2004). 461 

All base simulations were run at a value of the instantaneous fishing mortality rate F = 0.51 462 

(representing an annual percentage harvest rate of 0.4, regularly reported for pike, Pierce, 463 

Tomcko, & Schupp et al., 1995), which together with the estimate of the instantaneous 464 

natural mortality rate M=0.268 resulted in an estimate of F/M of about 1.9. At such fishing 465 

mortality rates, fish stocks are growth overfished (Walters & Martell, 2004; Zhou, Yin, 466 

Thorson, Smith, & Fuller, 2012) and may thus benefit from control of fishing mortality, 467 

implemented through size limits in our model. 468 

 469 

 470 
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Figure 2 Key biological processes in the model and conceptual description of prototypical 471 

influences on biological and productivity rates. Notation follows Table 2. 472 

 473 

TABLE 1 Model equations and description. For description of symbols, see Table 2 474 

 Equation Description 

1 �� � �	
� 
�⁄ �� Size dependent natural mortality 

2 ��	 � �
���|	 � 1� Survivorship unfished 

3 ��	,
� � �
��,� �,

� |	
� � 1� Survivorship fished 

4 a) 
�, � �
� � �
�
	,�� � e
� �  

b) �
� � ��

� ��1 � � ∑ ��,
�,
�

� �
	 � ��
� � 
�	1 � ��� � 	� � 1���� ∑ �
�,�

�
� �� 

Density dependent mean length 

5 ��, � 
�,
�  Length –weight conversion 

6  �, � ! �√2$%�
	�&' (� �) � 
�,��2%� *�

����

+)�% � 
�,	,-�� Proportion mature 

7 .�, � /��,
� �/ � ∑ � �,���,��∑ � �,���,�

�
�

� Fecundity (egg numbers) 

8 Ω�,� � � �,�.�,�∑ � �,�.�,��

 
Unfished equilibrium 

proportional egg production 

9 1�, � ! �√2$%�
	�&' (� �) � 
�,��2%�
*�

����

+)�% � 
�,	,-�� Proportion cannibalistic 

10 a) ��222 � 3	����
	|��� � ∑ ��
� �.� 

b) ��222 � ∑ Ω�,�

�Ω
� 	�� � �� 4 ��|�Ω

� � ∑ Ω�,��  

c) �222 � ∑ Ω�,� 	�� � �� 4 �� 5Ω�, � ��,���,���,�

∑ ��,���,���,��

� 
 

Average maximum egg survival 

11 a) 6�� � 	1 � 3�	������
	 

b) 6� � 	3�	��������
	|����� � ∑ ��
�1�,� 

Density dependent effect on egg 

survival for Beverton-Holt (BH) 

and Ricker (R) recruitment 

relationships 

12 

��	 � �22278	7� 9
9 7 � : ��,.�, �,

�;�< � : ��,
�

1�,8	7� � 	1 � 6��7�
	8	7� � �
 	!���

� 
Age 1 recruits  

13 -�,
� � ! �√2$%�
	�&' (� �) � 
�,��2%�

*���"�

��#��

+)�% � 
�,	,-�� Selectivity of capture 

14 -�,
$ � ! �√2$%�
	�&' (� �) � 
�,��2%�

*���"$

��#�$

+)�% � 
�,	,-�� Selectivity of retention 
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15 '�,
$ � 1 � �-�,

� � -�,
$ �/-�,

�   Proportion of capture retained 

16 >�, � ��, � ?-�,
� �'�,

$ � �1 � '�,
$ �@� Total mortality 

17 ���	,�	 � ��,�
��,� Numbers over time 

18 ;
�$ � : ?-�,

� '�,
$>�,�

��,	1 � �
��,����, 
Biomass retained 

19 ;
�$ � : ?-�,

� '�,
$>�,�

��,	1 � �
��,�� 
Numbers retained 

20 A�, � ! �√2$%�
	�&' (� �) � 
�,��2%�
*�

��
���

+)�% � 
�,	,-�� Proportion trophy fish 

21 ;
�� � : ?-�,

�>�,�

��,	1 � �
��,�� 
Total numbers caught 

22 ;
%$ � : ?-�,

�>�,�

��,	1 � �
��,��A�, 
Trophy fish caught 

23 BCD)DCE � )<	;
�$� � )<	;

�$� � )<	;
��� � )<	;

%$� Combined log utility 

 475 

Table 2 Parameters and parameter values, including units and where relevant sources. 476 

Values in parenthesis we used when the effects were held constant.  477 

Symbol Equation Value Unit Source F age  1-20 year  G Time. 0 indicates the unfished state   year  H Minimum adult instantaneous natural 

mortality 

1 0.268 year
-1

 Then et al. (2015) 

(growth-based 

method) I Lorenzen size dependent mortality power 1 0-1.2 

(1) 

 Lorenzen (2000) 

J Instantaneous total mortality 2  year
-1

  K� Von Bertalanffy growth model (VBGB) 

mean asymptotic length. Scaled to 1 in 

model. 

4 100 cm Gwinn et al. (2015) 

L VBGF growth coefficient 4 0.19 year
-1

 Gwinn et al. (2015) MN Coefficient of variation in VBGF 6 0.13  Frost & Kipling 

(1967) O Relative increase in age 1 size at low 

density 

4 1-1.5 

(1.11) 

 Lorenzen & Enberg 

(2002) P&'( Length at which maturity occurs 6 0.378 Relative 

to 
� 

Gwinn et al. (2015) 

Q Power parameter relating fecundity to 

weight 

7 1, 1.29, 2 

 

 Barneche et al. 

(2018) 
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P)'* Relative length individuals become 

cannibalistic 

9 0.6 Relative 

to 
� 

Assumed 

R Relative improvement of egg to recruit 

survival at low egg production 

10 6.1  Myers, Bowen, & 

Barrowman (1999) F+ slope of the age specific egg survival 

function 

10 0,0.5  Arlinghaus et al. 

(2010) S, Unfished equilibrium recruitment 11 1   P&-*) Minimum length at capture 13 0.25 Relative 

to 
� 

Gwinn et al. (2015) 

P&'.) Maximum length at capture 13 1.6 Relative 

to 
� 

Set above maximum 

possible length P&-*/ Minimum length at retention. Fit in 

optimization 

14  Relative 

to 
� 

 

P&'./ Maximum length at retention. Fit in 

optimization 

14  Relative 

to 
� 

 

T Instantaneous fishing mortality on 

individuals with a selectivity of 1 

16 0.05-3 

(2) 

Relative 

to � 

 

U Discard mortality rate 16 0.078 year
-1

 Hühn & Arlinghaus 

(2011) P(/0123 Length above which a fish is considered a 

trophy 

20 1 Relative 

to 
� 

Neumann, Guy, & 

Willis (2012) 

 478 

Outline of analysis 479 

We explored the size limits (minimum length limits or the combination of a maximum with a 480 

minimum length limit creating a harvest slot) that optimized either single objectives 481 

(biomass yield, numbers harvested, trophy catch or numbers caught) or a combined 482 

objective function representing the sum of the natural logarithm of each of the four 483 

objectives at equilibrium. We also explored other combinations of a biomass yield and one 484 

or more of the other objectives, but results were qualitatively identical and thus only the 485 

four-objective combined utility function is reported. Simulations (and results) proceeded in 486 

four steps: 487 

1. First, optimal regulations for scenarios of varying density-dependence in growth and 488 

size-dependency in natural mortality were explored for the base case of a low size at 489 

first capture and high fishing mortality rate F/M of 1.9 that strongly exceeded the 490 

fishing mortality rate that would produce maximum sustained yield (MSY) (Walters & 491 
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Martell, 2004; Zhou et al., 2012,). This “forced” the implementation of size limits to 492 

control unsustainable fishing mortality to meet management objectives. We also 493 

tracked the outcomes for each of the four management objectives at the best 494 

compromise regulations in the multi-objective utility function to study how well each 495 

objective performed at the best compromise. 496 

2. Second, we fixed density-dependence in growth and size-dependency in natural 497 

mortality at average levels commonly reported for assessed fish stocks following 498 

Lorenzen (2000) and Lorenzen & Enberg (2002), and explored optimal size limits 499 

across a wide range of fishing mortality rates F/M. 500 

3. The initial two steps explored the best-performing size limits. However, alternative 501 

size-limits may produce “pretty good” outcomes (Hilborn, 2007), which we defined as 502 

the size limit within 95% of the maximum value for each of the four objectives and 503 

the multi-objective utility function. To find such outcomes, we, third, searched for 504 

the regulation combinations that produced results within 95% of the optimum using 505 

a grid search, again fixing the density-dependence in growth and the size-506 

dependency in natural mortality as per the typical values reported for fish stocks (see 507 

step 2). 508 

4. Fourth, by turning again to an unsustainable maximum fishing mortality rate of 509 

roughly F/M of 1.9 as in step 1, we explored the effect of assumptions about 510 

hyperallometry in mass-fecundity scaling and a size-dependency in egg viability on 511 

optimal size limits. We chose commonly reported values (e.g., an exponent of the 512 

mass-fecundity relationship of 1.29, Barneche et al., 2018 and a 2.5 fold higher egg 513 

viability of the oldest relative to the first time spawners, Arlinghaus et al., 2010; 514 

Berkely et al., 2004b; Bravington et al., 2016; Venturelli et al., 2010) as well as 515 

extreme values for both processes (e.g., an hyperallometric exponent of 2) to 516 

examine generic patterns. 517 

5. Finally, we explored model sensitivity to key model parameters (Table 2) by 518 

independently varying each parameter by ± 20% and examining the change in the 519 

optimal size limit for biomass yield. Model sensitivity also represented the possible 520 

applicability of the pike model to other life-histories (i.e., species or populations). 521 

 522 

Results 523 
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 524 

1. Optimal harvesting in light of single fisheries objectives  525 

For the parameter set chosen and at fishing mortality strongly exceeding the minimum 526 

natural mortality rates of adults M (i.e., for F/M = 1.9), a minimum-size limit maximized 527 

equilibrium biomass yield independent of which stock-recruitment relationship was assumed 528 

(Figure 3). The optimal minimum-size limit became more liberal as the degree of density 529 

dependence and size-dependent mortality increased, with the effect of size-dependent 530 

natural mortality being somewhat stronger than the effect of density-dependent growth 531 

(Figure 3). 532 

Harvest slots, or more generally dome-shaped selectivity, optimized the numerical 533 

yield, independent of the stock-recruitment model (Figure 3). As before, as the degree of 534 

density-dependence in growth and size-dependency in mortality increased, the harvest slot 535 

became more liberal (i.e., widened), accommodating increased harvest. These effects were 536 

somewhat stronger under Beverton-Holt stock-recruitment compared to Ricker-type stock 537 

recruitment, which relates to differences by which survivorship relates to productivity (FMSY) 538 

in the two stock-recruitment models (see Martell et al., 2008 for details). 539 

Harvest slots were also the optimal policy when maximizing the catch (rather than 540 

the harvest) of trophy fish, but this effect was only present when density-dependence in 541 

growth was strong, indicating that negative effects on growth at high density severely 542 

reduced the number of fish reaching trophy sizes supporting modest harvest through 543 

harvest slot-type regulations (Figure 3). By contrast, given weak density-dependence in 544 

growth, catch-and-release (i.e., a zero harvest policy) was identified as the optimal 545 

regulation for trophy catch under both Ricker and Beverton-Holt stock recruitment. When a 546 

harvest slot was optimal at strong density-dependence in growth, strong size-dependent 547 

mortality narrowed the optimal width of the harvest slot for both stock-recruitment curves – 548 

an effect somewhat more pronounced with Ricker recruitment.  549 

The numbers captured were maximized through a total catch-and-release policy in 550 

the case of Beverton-Holt recruitment. That is, zero harvest was optimal for keeping the 551 

abundance at maximal levels, in turn maximizing the catch per unit effort. The situation was 552 

very different under Ricker stock-recruitment. Here, at low levels of size-dependent 553 

mortality, a total catch-and-release policy maximized catch rates, but at high levels of size-554 

dependent mortality a harvest slot was optimal for achieving high catch numbers. The 555 
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reason was that the resulting mortality shifted the recruitment to the maximum point in the 556 

Ricker curve, thereby increasing abundance and hence catch rates. 557 

 558 

 559 

 560 

 561 

 562 

 563 

 564 

 565 

 566 

 567 

 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

Figure 3 Impact of degree of density-dependent growth and size-dependent natural 579 

mortality on optimal size-selectivity for four fisheries objectives (size-selectivity is 580 

represented by  where  is the mean theoretical maximum length of the von 581 

Bertanlaffy growth model). The lower plane shows optimum minimum-length limits and the 582 

upper plane, when present, optimum maximum-size limit, together forming a harvest slot. 583 

The stronger the color gradient and the yellower the color of the upper plane, the larger are 584 

the differences between the minimum and the maximum-length limits. Note the maximum-585 

size limit is only impactful when it is below 1.4 , which is why a minimum-length limit is 586 

optimal for biomass yield. Whenever the planes diverge into two surfaces with different 587 
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colors a harvest slot is the optimal harvest regulation. Results are shown for Beverton-Holt 588 

(left panels) and Ricker-type (right panels) stock recruitment across four management 589 

objectives. τ describes the degree of density-dependent growth, and * describes the degree 590 

of size-dependent natural mortality. C&R = catch-and-release indicating that the minimum 591 

and the maximum limits are identical, effectively creating a no harvest scenario. 592 

 593 

2. Optimal compromise harvest regulations in light of multiple objectives 594 

Harvest slots turned out to be the optimal harvest regulation when considering four fisheries 595 

objectives – biomass yield, numerical harvest, trophy catch and catch rate – jointly in the 596 

log-utility function. This result was independent of the stock-recruitment relationship and 597 

was also independent of density-dependence in growth and size-dependency in natural 598 

mortality (Figure 4). As before, as the strength of density-dependence and size-dependence 599 

increased, the harvest slot widened, allowing more intensive harvesting. Ricker-type stock 600 

recruitment allowed more aggressive harvesting compared to the Beverton-Holt case 601 

because exploitation reduced the degree of cannibalistic control through the larger size 602 

classes on recruits. 603 

 604 

Figure 4 Optimal compromise harvest regulation when using a combined log utility function 605 

to integrate the four management performance measures shown in Figure 3. The impact of 606 

degree of density-dependent growth and size-dependent natural mortality on optimal size-607 

selectivity is represented by  where  is the mean theoretical maximum length of the 608 

von Bertanlaffy growth model. The lower plane shows the optimum minimum-length limits 609 
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and the upper plane, when present, the optimum maximum-size limit. The stronger the 610 

color gradient and the yellower the color of the upper plane, the larger are the differences 611 

between the minimum and the maximum-length limit. Whenever the planes diverge into 612 

two surfaces with different colors a harvest slot is the optimal harvest regulation. Results are 613 

shown for Beverton-Holt (left panels) and Ricker-type (right panels) stock recruitment. τ 614 

describes the degree of density-dependent growth, and W describes the degree of size-615 

dependent natural mortality.  616 

 617 

The fisheries outcomes using a harvest slot as a compromise regulation achieved 618 

pretty good outcomes for each of the four performance measures relative to the maximum 619 

possible outcome for each of the objectives (Figure 5). As characteristic for a compromise, 620 

no single measure was maximized under the compromise harvest slot. Yet, in all cases, the 621 

average outcomes were > 50% of the maximum possible, which we interpret as “pretty 622 

good”. The compromise harvest regulation achieved over 90% of the maximum possible 623 

harvest numbers under both the Ricker and Beverton-Holt scenarios. The Beverton-Holt 624 

compromise regulation also achieved among 60 and 70% of the maximum in the catch of 625 

trophies and the numbers harvested, and roughly 55% of the maximum biomass yield, on 626 

average. The Ricker compromise harvest slot performed better at the biomass yield level, 627 

with a value closer to 70% and poorer than the Beverton-Holt case on the trophy catch (only 628 

slightly above 50% of the global maximum).  629 
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 630 

Figure 5 Outcomes at the optimal compromise harvest slot (from Figure 4) for the entire set 631 

of ecological scenarios of density-dependence in growth and size-dependence in natural 632 

mortality shown in Figure 3 across four objectives. We define pretty good outcomes when 633 

each objective is larger than 50% of the maximum theoretically possible for the parameter 634 

set that was chosen. All objectives met that criterion. 635 

 636 

3. Optimal harvest regulations with varying fishing pressure 637 

Fixing density-dependence in growth and size-dependent mortality at parameter values 638 

commonly reported for exploited fish stocks allowed systematic examination of how the 639 

optimal harvest policies varied with total fishing pressure. At equilibrium, minimum-length 640 

limits were the optimal harvest regulation for maximizing biomass yield across a large fishing 641 

pressure gradient (Figure 6). However, particularly under Ricker-stock recruitment, harvest 642 

slots started to appear as optimal for biomass yield when fishing pressure was high.  643 

Harvest slots started to constitute the optimal regulation for maximizing harvest 644 

numbers at fishing mortality rates of F exceeding 0.5 M. At lower fishing mortality rates, the 645 
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minimum length limits were equivalent to the minimum capture size (25% of mean ��), 646 

indicating no regulation at all was needed at low fishing mortality rates.  647 

The catch of trophy fish was optimized by a zero harvest policy, independent of the 648 

fishing pressure (Figure 6). Similarly, a no harvest policy was revealed as the optimal 649 

regulation to maximize catch in numbers under Beverton-Holt stock-recruitment across the 650 

fishing pressure gradient. However, when the stock-recruitment function followed a Ricker 651 

form, catch numbers (and hence abundance) were maximized with a harvest slot, 652 

independent of the fishing pressure (Figure 6).  653 

Independent of the stock-recruitment curve and the local fishing mortality, harvest 654 

slots best compromised among the four fisheries-management objectives. With increasing 655 

fishing pressure, the width of the optimal harvest slot narrowed, indicating constrained 656 

harvesting with higher fishing pressure. 657 

The different optimal harvest regulations had characteristic impacts on the age 658 

structure of the stock and the relative contribution of different age classes to total egg 659 

production (Figure 6). This is most clearly seen when comparing the distribution of eggs by 660 

age class under the optimal regulations for biomass yield relative to those that optimize 661 

numerical harvest. Under the biomass maximization objective, a strong juvenescence effect 662 

is visible, and the bulk of the eggs were produced by young age classes. By contrast, the 663 

implementation of harvest slots to maximize numbers harvested reversed the juvenescence 664 

effect, and the relative contribution or older ages to egg production increased as the harvest 665 

slot narrowed (Figure 6). Essentially, with a harvest slot the older age classes served as the 666 

reservoir to produce new recruits, which were intensively harvested as long as they 667 

continued to grow into the slot. However, under Ricker-type stock recruitment the rather 668 

wide harvest slot needed to produce maximum recruitment and hence maximum catch rates 669 

resulted in a strong juvenescence effect, indicating that the large cannibals were the ones 670 

that were removed if the aim was to increase catch rates. By contrast, the compromise 671 

regulation achieved a very balanced age structure, represented by a relatively even 672 

contribution of different age classes to the total eggs, mirroring the pattern under no 673 

harvest (see the trophy panel in Figure 6). 674 
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 675 

Figure 6 Optimal harvest regulations by management objective, for four individual objectives 676 

and a combined objective function, along a gradient of fishing pressure F/M. The white 677 

broken line indicates the upper limit of the harvest window, while the solid black line 678 

indicates the lower minimum-length limit. The length limits are expressed relative to , the 679 

maximum mean length of the von Bertanlaffy growth model. The bars in the surface for each 680 

level of maximum fishing mortality indicate the egg contribution by different age classes for 681 

a given fishing pressure. Younger ages are shown in lighter grey, older ages in darker grey. 682 

All simulations were done with an average degree of density-dependent growth and size-683 

dependent natural mortality. 684 

 685 

4. Size-limits that produce “pretty close“ outcomes within 95% of the optimal 686 
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Several regulation combinations produced outcomes that were equivalent or “pretty close” 687 

to each other. We examined this pattern by searching for all size limits that produced 688 

outcomes within 95% of the optimum (Figure 7, the optimum size limits for comparision are 689 

shown in Figures 3 to 6). In many cases harvest slots produced similarly good outcomes as 690 

minimum-length limits alone (Figure 7). For example, a minimum-length limit was found to 691 

be the single optimal regulation to maximize biomass yield for a wide range of fishing 692 

pressures for both Beverton-Holt and Ricker-type stock recruitment (Figure 6). However, 693 

implementing a modestly large maximum-size limit in addition a small minimum-length limit 694 

produced biomass yield within 95% of the maximum possible over a wide range of fishing 695 

pressures (Figure 7). For example, at a fishing pressure of F/M = 1 minimum length limits 696 

ranging from 0.25 to slightly above 0.4 of �� would in combination with a maximum-size 697 

limit of > 0.8 of �� create similarly good outcomes for yield within 95% of the maximum.  698 

Optimizing the harvest numbers would require keeping the minimum-length limit 699 

low, confined to about 0.25 of �� across all fishing pressures, but adding a maximum size 700 

limit of a wide range would create similar good outcomes for harvest numbers. The higher 701 

the fishing pressure, the lower the maximum-size limit would need to be to achieve pretty 702 

close results, but this opportunity of flexible upper limits with similar outcomes vanished to 703 

a confined harvest slot at F/M of about 2 under both Beverton-Holt and Ricker (see also 704 

Figures 3 and 6 showing a scenario for F/M of about 1.9).  705 

Optimum outcomes for trophy catch depended on catch-and-release (indicated by 706 

minimum and maximum size-limits being identical, visualized along the diagonal in Figure 7) 707 

unless the fishing pressures was low. At low fishing pressure the impact of undesired discard 708 

mortality vanished, in which case a wide range of harvest slots and associated combinations 709 

of minimum and maximum length limits were conceivable to produce equally good 710 

outcomes for trophy catch.  711 

Similarly, for numbers captured, the zero harvest optimal policy could be substituted 712 

by a wide range of size limits achieving “pretty good” results at low fishing pressure for both 713 

recruitment models. As fishing pressure increased these options reduced to retention of only 714 

the largest individuals in the Beverton-Holt model and the emergence of a harvest slot limit 715 

and low size limit in the Ricker model.  716 

When seeking the best compromise regulation very limited flexibility was predicted. 717 

Under basically all cases of fishing morality, a confined harvest slot was found to be best, 718 
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with the upper limit decreasing as the fishing pressure increased. The minimum-length limit 719 

of this optimal compromise was consistently small and offered very limited leverage if the 720 

goal was to achieve within 95% of the maximum possible outcome for the compromise. 721 

 722 

Figure 7 Minimum and maximum length limits expressed as , where the combination 723 

indicates a harvest slot that produces at least 95% of the objective’s maximum possible 724 

across different fishing pressures (expressed as F/M). Four objectives across either a 725 

Beverton-Holt (left panels) or a Ricker stock recruitment (right panels) relationship are 726 

shown. Darker blue indicates larger differences between the maximum and minimum limits. 727 

Whenever a bar, rather than a point, is shown it indicates that various combinations produce 728 

pretty close outcomes. A diagonal line shown for some trophy catch cases represents the 1:1 729 

line where minimum and maximum-length limits are equal and thus catch-and-release (no 730 

targeted harvest) is the optimal policy. All simulations were done at an average degree of 731 

density-dependent growth and size-dependent natural mortality, commonly reported in the 732 

fish ecological literature. 733 

 734 

5. Impact of hyperallometry in fecundity and size-dependent egg viability on optimal 735 

harvest regulations 736 

The introduction of size-dependent maternal effects, both in terms of egg production 737 

(fecundity increasing non-linearly with mass with an exponent of either 1.29 or 2) and egg 738 

viability (where the largest fish produce eggs that are 2.5 times more viable than the first-739 
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time spawners) had overall modest effects on the optimal size limits for biomass harvested, 740 

numbers harvested, trophy catch and the compromise regulation, with effects being 741 

somewhat stronger under Ricker recruitment for biomass yield and a bit less pronounced on 742 

harvest numbers compared to the Beverton and Holt case (Figure 8). Introducing a viability 743 

benefit for eggs spawned from large spawners had almost no impact on optimal regulations, 744 

independent of assumptions with our without additional hyperallmometry in fecundity. 745 

Stronger effects were seen for assumptions of hyperallometry in fecundity, but effects were 746 

only pronounced for some objectives when the assumption was made the fecundity scaled 747 

with body mass with an exponent of 2. Under this assumption, a harvest slot (Figure 8) 748 

rather than a minimum-length limit (Figure 6) was found optimal for biomass yield under 749 

both stock-recruitment models at fishing pressures F/M above 0.5-1. Similarly, the harvest 750 

slot option appeared to be optimal at smaller fishing pressures under hyperallmometry than 751 

under isometry for harvest numbers, particularly for Ricker stock-recruitment, where the 752 

slot narrowed compared to assumptions of isometry in fecundity. Size-dependent maternal 753 

effects particularly affected the optimal regulation on catch rates under Ricker stock-754 

recruitment, with the harvest slot that produced highest catch rates narrowing with non-755 

linearly increasing fecundity with mass and less so with assumptions of higher egg viability 756 

for large individuals.  757 
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 758 

Figure 8 Optimal harvest regulations by management objective and for a combined 759 

utility function along a gradient of fishing pressure when hyperallometry in fecundity and 760 

size-dependent egg viabilities were assumed alone or in combination. Colored solid lines 761 

indicate the minimum-length limit and same colored broken lines indicate the upper 762 

limit of the harvest slot whenever it is considered optimal.  763 

 764 

6. Robustness of model predictions to parameter uncertainty 765 

The sensitivity of the model to the main parameters was evaluated by analyzing the percent 766 

change in the optimal lower size limit under a biomass harvest maximization policy for both 767 

Beverton-Holt and Ricker recruitment with a 20% change in each parameter (Table 3). As 768 

expected, the optimum lower size limit was most sensitive to parameters impacting 769 

mortality and growth, with the minimum adult instantaneous mortality ( ) and the relative 770 
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change in size at age 1 at low population density (�) being the most important parameters. 771 

Increases in � resulted in declines in the minimum length limit. Increases in � also resulted 772 

in reduction in the size limits as a result of increases in the proportion of individuals reaching 773 

maturity at younger ages. Both the Lorenzen size-dependent mortality power (�) and the 774 

von Bertalanffy growth coefficient (�) produced moderate sensitivity. An increase in � 775 

resulted in declines in the minimum length due to increases in the average mortality rate in 776 

the population. Increases in � resulted in declines in the minimum length limit due to 777 

increasing average mortality-at-age, which had a stronger effect than decreases in the 778 

proportion of individuals maturing. Changes in other parameters resulted in low sensitivity. 779 

Effects were similar for both recruitment models.    780 

 781 

Table 3 Sensitivity of the optimum (for biomass yield) minimum length limit to model 782 

parameters, with the percent change in the lower length limit for the biomass maximization 783 

management option as a result of a 20% in the parameter. Values in bold indicate more 784 

important (i.e., sensitive) parameters with a greater than 20% change to a changing input 785 

parameter. * Density dependent growth scaler could only be reduced to 1 and the results 786 

show only a 10% reduction. Weight power scaling on fecundity and maternal age effect on 787 

viability were only increased as base runs were at the minimum possible values. Notation 788 

follows Table 2. 789 

 790 

Parameter Beverton-Holt Ricker 

-20% +20% -20% +20% 

� 28.0% -41.2% 15.3% -31.0% 

� 17.5% -16.9% 7.8% -18.3% 

� -14.0% 14.2% -16.3% 8.7% 

�� -0.3% 1.1% 0.4% -1.2% 

�* 21.9% -26.8% 6.6% -31.0% 

���� -4.9% 8.2% -14.1% 7.2% 

� - 6.0% - 4.4% 

���� - - 1.3% -1.2% 

	 6.9% -3.0% 5.9% -4.7% 


� - 0.3% - 0.3% 

����� 0.4% -0.2% 0.2% -0.1% 
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� 1.3% -0.3% 0.6% -0.4% 

 791 

Discussion 792 

Common sense and decades of empirical and theoretical work suggests that letting fish 793 

spawn at least once usually safeguards recruitment, thereby avoiding recruitment 794 

overfishing (Myers & Mertz, 1998). Moreover, letting the fish growth until a cohort reaches 795 

its maximum biomass before harvest constitutes a suitable approach to achieve high 796 

biomass yields (Froese et al., 2016). A minimum-length limit set well above size at 797 

maturation is thus predicted to maximize yields (Allen, 1953; Ayllón et al., 2019; Beverton & 798 

Holt, 1957; Clark et al., 1980; Dunning, Ross, & Gladden, 1982; Gwinn et al., 2015; Jensen, 799 

1981; Lenker et al., 2016; Prince & Hordyk, 2019; Reed, 1980; Ricker, 1945; Saila, 1956; Van 800 

Gemert & Anderson, 2019). In support of this classical perspective, our model similarly 801 

predicts that minimum-length limits are a suitable harvest regulation if the aim is to achieve 802 

high biomass yields.  803 

We add to this established literature that the biomass-maximizing effects of 804 

minimum-length limits is largely independent of the degree of density-dependence in 805 

growth, size-dependent mortality and size-dependent fecundity (Figures 3,6). However, 806 

situations change when hyperallometry in fecundity is strong. Under such scenario, biomass 807 

yield is predicted to be maximized with harvest slots at high fishing pressures by offering 808 

some protection to the highly fecund large fishes (Figure 8). Our model also showed that 809 

under assumption of isometry in fecundity adding a maximum-size limit on top of a suitable 810 

minimum-length limit, thereby creating a harvest slot, does not cause a substantial decrease 811 

in yield and can produce within 95% of the biomass yield promised by a minimum-length 812 

limit. Consistently, we found harvest slots to constitute the optimal regulation for numerical 813 

yield at moderate to high fishing mortality rates, for trophy catch under strong density-814 

dependence in growth and for catch numbers under strong size-dependent mortality and 815 

Ricker type stock recruitment. Overall, optimal policies need to be judged against predefined 816 

objectives and thus cannot easily be generalized.  817 

We also found a harvest slot to consistently constitute the best-performing 818 

regulation when integrating four typical fisheries objectives. In fact, a harvest slot always 819 

emerged when at least one other fisheries objective or performance measure was added to 820 

a biomass yield objective, particularly when catch- or catch size-based objectives were in 821 
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place that prefer lower fishing mortality rates than those that produce MSY and reduce 822 

equilibrium biomass. This finding extends the work by Gwinn et al. (2015) to a much more 823 

general case because we examined variation in stock-recruitment relationships 824 

(representing density dependent juvenile mortality), density-dependent growth and size-825 

dependency in mortality and fecundity/egg viability, thereby simulating a large family of 826 

ecological and species-specific population processes that the Gwinn et al. (2015) model 827 

lacks. Moreover, similar to Gwinn et al. (2015) we found our results to be very robust to 828 

variation in life-history traits (thereby representing other life-history prototypes or species 829 

than the pike). In fact, while variation in life-history traits (e.g., growth rate) will affect the 830 

overall productivity (e.g., yield or FMSY) of the stock (e.g., Martell et al., 2008) and thus the 831 

exact configuration of an optimal policy (e.g., in terms of width of the optimal harvest slot), 832 

the optimal policy per se (i.e., whether a minimum-length limit or a harvest slot is optimal) is 833 

unlikely to change much. One exception identified in our work is the presence of extreme 834 

hyperallometry in fecundity which may shift the optimal policy for biomass yield from a 835 

minimum-length limit to a harvest slot at moderate to high fishing pressures. Therefore, in 836 

light of the robustness of our results to life-history variation we content that in fisheries 837 

where multiple objectives are to be achieved jointly that encompass both extraction and 838 

catch-related objectives, harvest slots or other types of dome-shaped selectivity, i.e., 839 

selectivity patterns that protect both immature and very large mature fish may constitute 840 

superior harvest strategies to the standard minimum-length limit-type regulation for a wide 841 

range of species (see also Gwinn et al., 2015).  842 

 843 

Impact of stock-recruitment 844 

Our results were largely robust to assumptions about the underlying stock-recruitment 845 

relationship. Assuming different types of stock-recruit relationships can be interpreted to 846 

represent differences in reproductive biology across a large famility of species, and the 847 

robustness of our results imply some level of generality of our findings to apply broadly 848 

beyond pike (and other cannibalistic species). However, some exceptions are worth noting 849 

that appeared when Ricker-type recruitment and hence an impact of cannibalistic 850 

intraspecific control was assumed. In particular, for catch numbers (a surrogate for catch 851 

rate) under a Ricker model a harvest slot rather than a zero harvest policy was found to be 852 

optimal. The reason can be found in the so-called overcompensatory feature of the Ricker 853 
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stock-recruitment model (Ricker, 1954). When the abundance of large cannibals increases, 854 

these individuals may strongly reduce recruitment through inter-cohort predation (Persson 855 

et al., 2006). When the cannibals are removed, either through some modest harvest or 856 

through discard mortality at high fishing pressure, the recruitment initially rises, as for 857 

example found in pike (Sharma & Borgstrøm, 2008, see also Figure 2b). This boost in 858 

recruitment maximizes abundance and hence catch rates, at the potential conservation cost 859 

of truncation in size and age structure. Overcompensation as predicted from cannibalism is 860 

the key difference between the Beverton Holt and the Ricker model, which explains why 861 

some modest harvesting is needed to maximize a property such as numbers captured under 862 

a Ricker model. Typically, maximized abundance, and hence maximized catch rate, is 863 

associated with zero harvest and unexploited conditions (Beverton & Holt, 1957; Hilborn, 864 

2007). Worldwide, most stocks for which data is available follow a Beverton-Holt stock-865 

recruitment relationship, but there are 17% of global stocks for which data are available that 866 

show Ricker recruitment (Szuwalski et al., 2015). In particular strongly piscivorous, and by 867 

the same token cannibalistic marine and freshwater species, such as pike-perch (Sander 868 

lucioperca, Gröger, Winkler, & Rountree, 2007), walleye (Sander vitreus) (Zhao, Kocovsky, & 869 

Madenjian, 2013), pike (Edeline et al., 2008) or cod (Sguotti et al. 2019) show evidence for 870 

Ricker-recruitment. Hence, based on our model, in top predatory species modest harvest is 871 

recommended even when the goal is to maximize catch rate or catch of trophies, as some 872 

harvest releases the remaining fish from cannibalistic control, increasing recruitment into 873 

the fishery and growth of fish to reach memorable, trophy sizes.  874 

 875 

Density-dependent growth and size-dependent mortality 876 

We show that population resilience substantially increased with density-dependent growth 877 

and with size-dependent mortality. The increased resiliency to harvest with increased size-878 

dependent mortality can be explained by the increase in average natural mortality rate of 879 

the exploited stock when size-dependent mortality is present compared with the situation 880 

when it is not. Increased natural mortality rate means the stock turns over faster and 881 

fisheries can take fish that would otherwise die naturally, increasing sustainable harvest 882 

rates (Lester, Shuter, Venturelli, & Nadeau, 2014; Martell, Pine, & Walters, 2008; Zhao et al., 883 

2013).  884 
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The mechanism for increased resilience to harvest caused by density-dependent 885 

growth is different and more complex. With density-dependent growth, the fish grow faster 886 

when they are exploited, which increases the biomass gain per unit time and thus the stock 887 

becomes more productive. Importantly, growth plasticity means that exploited fish reach 888 

the maturation size threshold earlier and produce more eggs at a given age. Reductions in 889 

age at maturation increase the compensatory reserve and allow more intensive harvesting. 890 

There is a third effect of density-dependent growth, which is to reduce the average natural 891 

mortality rate when there is size-dependent mortality in addition to density-dependent 892 

growth. All else being equal, the effect of decreasing average natural mortality alone would 893 

reduce resiliency to harvest, but in our model the compensatory growth and maturity effects 894 

overcompensate this effect, increasing resiliency to harvest under density-dependent 895 

growth.  896 

Our model showed that the optimal size-based harvest regulations were largely 897 

robust to assumptions of density-dependent growth and size-dependent mortality. Yet, the 898 

exact configuration of the optimal size limit changed as assumptions about these properties 899 

changed. We found that when density-dependence was strong, maximizing trophy catch 900 

necessitated some modest biomass removal, or discard mortality through high effort, to 901 

release the remaining fish from density-control, in turn fostering growth into trophy sizes. 902 

The concern that high abundances, for example caused by anglers engaging in total 903 

voluntary catch-and-release in selected fisheries, may jeopardize trophy catches is 904 

frequently expressed for recreationally important trophy species, such as muskellunge 905 

(Gilbert & Sass, 2016). Our model supports these concerns and offers a solution. Clearly, 906 

when angler norms shift towards a total voluntary catch-and-release practice, even the best 907 

intended regulations may fail in producing trophy fish, particularly in top predators that 908 

show Ricker-type stock recruitment. Similarly, when stunting occurs below a minimum-size 909 

limit due to density-dependent growth, harvesting the stock to thin out individuals is 910 

recommended (FAO, 2012; Tesch, 1959), but this regulation often fails as anglers are not 911 

willing to keep very small fishes (Pierce & Tomcko, 1998). Clearly, appropriate fisher 912 

behavior is a necessary precondition that the harvest regulations achieve their intended 913 

objective. Our model did not explicitly model fisher behavior and thus the regulatory 914 

performance might not necessarily apply in real fisheries. 915 

 916 
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Size-dependent maternal effects 917 

Our model shows that the relative performance of minimum-length limits and harvest slots 918 

was largely robust to assumptions about size-dependent reproductive output, unless the 919 

mass-fecundity scaling was assumed extremely large at values only rarely reported in 920 

empirical studies of batch fecundity (Barneche et al., 2018). Importantly, however, we find 921 

that the well-established assumption of isometric scaling of mass and fecundity is already 922 

sufficient to justify increasing conservation of large fish through harvest slots when the 923 

numbers of fish harvested is to be maximized in addition to biomass yield. Our findings are 924 

thus in agreement with several previous studies revealing size-dependent maternal effects 925 

are not of sufficient importance to independently justify alternative size selectivity 926 

(Arlinghaus et al., 2010; Calduch-Verdiell, MacKenzie, Vaupel, & Andersen, 2014; McGillard, 927 

Punt, Hilborn, & Essington, 2017; O’Farrell & Botsford, 2006; Shelton et al., 2015). Framed 928 

differently, derivation of optimal size limit is largely robust against size-dependent maternal 929 

effects, particularly in relation to egg viability effects (that effects the slope of the stock-930 

recruitment curve) and less so in relation to hyperallometry in fecundity (which strongly 931 

affects egg production and hence affects where on the x-axis one is on the stock-recruitment 932 

curve) (Figure 2). There was one notable exception – when hyperallometry in fecundity was 933 

strong, harvest slots became the optimal regulation at moderate to high fishing pressures 934 

when maximizing biomass yield under both Ricker and Beverton-Holt-stock recruitment, and 935 

the optimal harvest slot appeared earlier and narrowed when the goal was to maximize 936 

harvest numbers (Figure 8). Strong hyperallometry is most likely in batch-spawning species 937 

(Bernache et al., 2018; Marshall et al., in review). Specific for pike the maximum exponent of 938 

hyperallometry in fecundity reported so far is 1.22 (Arlinghaus et al. 2010) – a value where 939 

predictions of optimal size limits under isometry and hyperallometry did not differ much. 940 

The latter result might sound surprising in light of several recent papers reporting 941 

that not accounting for hyperallometry in fecundity in classical fisheries models, when in fact 942 

it is present, will foster unsustainable overexploitation of very fecund, large individuals and 943 

strongly affect fisheries performance (Barneche et al., 2018; Cooper et al., 2013; Marshall, 944 

Gaines, Warner, Barneche, & Bode, 2019). The cited papers largely substantiate their 945 

conclusions based on comparisons of total egg output in populations fished with and 946 

without assumptions of hyperallometry in fecundity. Indeed, we also show that metrics that 947 

are sensitive to total egg production, e.g., spawning potential ratio (SPR), are strongly 948 
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affected by hyperallometry in fecundity (Figure 2). This perspective, however, neglects the 949 

critical role of density dependent juvenile survival and growth compensation for ultimately 950 

affecting population dynamics and thus yield production or other fisheries outcomes. Our 951 

model does not focus on just egg production metrics as reference points and instead 952 

considers the entire life history, and the resulting productivity as a function of multiple 953 

sources of density-dependence. Importantly, we ask a different question – do assumptions 954 

of size-dependent maternal effect produce alteration of optimal size-based harvest polies in 955 

light of emerging population dynamical effects? The answer to this question is – not 956 

substantially, unless hyperallometry in fecundity is very high. We nevertheless recommend 957 

careful empirical estimation of mass-fecundity relationships if a model such as ours is to be 958 

used for concrete fisheries. 959 

We found hyperallometry to start to matter for certain metrics (in particular yield 960 

and harvest numbers) when the scaling was very high (in our model 1.29 or higher). This is a 961 

very high value given the empirical evidence for batch fecundity. The average scaling of 962 

batch fecundity and mass in the study by Bernache et al. (2018) across a vast range of 963 

marine fish species is 1.18, and the maximum value across hundreds of marine fish species is 964 

1.58. However, if repeat spawning is considered the mean value across 26 stocks rises to 965 

1.89 (Marshall et al., unpublished data). Individual species such as Engrualis mordax, 966 

Thunnus albacares and Sardinops sagaxcan show scalings larger than 2 (Marshall et al., 967 

unpublished data). These values move the degree of hyperallometry into areas where 968 

harvest slots, rather than minimum-size limits, were predicted to maximize biomass yield. 969 

Given the existing evidence compiled by Marshall et al. (unpublished data), we expect 970 

hyperallometry to matter particularly in repeat spawners, to which pike do not belong. 971 

Specific for pike, Frost & Kipling (1967) reported isometric scaling of fecundity with mass. 972 

And although size-dependent maternal effects on egg viability were reported under 973 

controlled situations in a range of species (e.g., Berkely, et al. 2004b; Bravington et al., 2016; 974 

Venturelli et al., 2010), including pike (Arlinghaus et al., 2010), there is good reason to 975 

assume that such effects are an adaptation to specific natural environments. For example, 976 

an increased viability per egg in eggs spawned by large females may be an evolutionary 977 

adaptation to higher per capita fecundity in large individuals or an adaptation to significantly 978 

different spawning times (Marshall, Heppell, Munch, & Warner, 2010). Thus, it is unclear 979 

whether the optimistic scenario of size-dependent maternal effects modelled in our work 980 
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would be widespread in nature. Independent of this uncertainty, the need to preserve large 981 

fish already emerges from isometric scaling of fecundity under certain objectives, e.g., when 982 

the target is to maximize harvest numbers or to achieve the best overall compromise 983 

regulation (see also Arlinghaus et al., 2010; Gwinn et al., 2015).  984 

 985 

Pretty good outcomes at the compromise harvest slot 986 

We found that the optimal compromise regulation of a harvest slot achieved pretty good 987 

outcomes across all parameter combinations and management objectives, which were 50% 988 

or larger than the maximum possible single-objective outcomes at equilibrium. Under both 989 

Ricker and Beverton-and-Holt recruitment, in the compromise harvest regulation the 990 

biomass yield was the lowest of all possible outcomes. This means that the optimal harvest 991 

slot limit regulated the effective fishing mortality rate to levels lower than the fishing 992 

mortality rate at MSY. Earlier qualitative reasoning has argued that reducing fishing mortality 993 

rate below FMSY would provide a “zone of new consensus” among traditionally conflicting 994 

conservation (erring to lower mortality rates) and fisheries objectives targeting MSY (erring 995 

towards more intensive harvesting rate, optimally FMSY) (Hilborn, 2007). There is a long-996 

standing debate that FMSY should be considered the limit harvesting rate in fisheries rather 997 

than the target (Larkin, 1977) because of multiple risk of misspecifying FMSY for single species 998 

in a community (Walters, Hilborn, & Christensen, 2008) as well as to avoid ecosystem and 999 

food web effects associated with highly size-truncated spawner populations (Francis, Hixon, 1000 

Clarke, Murawski, & Ralston, 2007). Our model does not account for multi-species 1001 

interactions, but multi-species models also suggest that the best compromise among 1002 

fisheries and conservation can be achieved through fishing mortality rates smaller than FMSY 1003 

(Worm et al., 2009). A similar prediction is derived from size-spectrum models (Law & Plank, 1004 

2018). Our single species prediction of the compromise outcomes being a fishing mortality 1005 

rate smaller than FMSY thus agrees with alternative model formulations and perspectives that 1006 

factor in other conservation targets (e.g., conservation of a more natural size and age 1007 

structure) from an ecosystem or community-based harvesting perspective. 1008 

 1009 

Limitations 1010 

Our model has a number of limitations that could affect our results. Nine are worth 1011 

mentioning.  1012 
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First, we did not consider dynamic effort responses to the implementation of the 1013 

harvest regulations and instead determined the optimal harvest regulation, given the 1014 

objective and fixed maximum fishing mortality rates. The optimal harvest regulation 1015 

effectively controlled fishing mortality. In real fisheries, fishers will respond to harvest 1016 

regulations by altering behavior directly in response to the regulation (Beard, Cox, & 1017 

Carpenter, 2003), might respond to changes in the fish stock and resulting expected catch 1018 

rates or sizes or fish (Allen et al., 2013; Johnston et al., 2010) and possibly engage in non-1019 

compliance, particularly when catch rates drop (Johnston et al., 2015). These sources of 1020 

implementation uncertainty can have far-reaching consequences for regulation performance 1021 

in real fisheries (Allen et al., 2013, Johnston et al., 2015). They do, however, not 1022 

fundamentally affect the conclusion of our equilibrium model as to the relative performance 1023 

of different size-based harvest regulations given a certain objective.  1024 

A second limitation relates to the equilibrium nature of our analysis, which ignored 1025 

temporal variation due to environmental stochasticity and transient dynamics. Several 1026 

studies have shown that age truncation destabilizes stock dynamics in the face of 1027 

environmental drivers unrelated to fishing (e.g., Anderson et al., 2008; Botsford et al., 2014; 1028 

Hsieh et al., 2006; Ohlberger, Thackeray, Winfield, Maberly, & Vøllestad, 2014; Rouyer et al., 1029 

2011; Stige et al., 2017; Wikström, Ripa, & Jonzén, 2011). One of the implied mechanisms 1030 

relates to the fact that age truncation increases the non-linear dynamics of population 1031 

growth and hence subsequent years of poor recruitment due to environmental forcing can 1032 

have strong “resonance” in population dynamics and destabilize abundances (Botsford et al., 1033 

2014). If these processes occur, it would reinforce the key findings of the present model as 1034 

harvest slots outperformed minimum-length limits as a compromise regulation, which 1035 

reduce juvenescence effects and maintain old age structure (see also LeBris et al., 2014). 1036 

However, our analysis should depict long-term average responses of populations to each 1037 

management strategy and be robust to such a long-term perspective. 1038 

Third, although we carefully accounted for fecundity and viability benefits of large 1039 

spawner size, the model omitted other reproductive processes related to body size, e.g., 1040 

different spawning times by differently sized fishes, the ability of large fish to lead spawning 1041 

migrations or otherwise affect reproductive output, e.g., through size-based sexual selection 1042 

(Hixon et al., 2014; Jørgensen, Dunlop, Opdal, & Fiksen, 2008; Uusi-Heikkilä, Böckenhoff, 1043 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/738708doi: bioRxiv preprint first posted online Aug. 19, 2019; 

http://dx.doi.org/10.1101/738708


41 
 

Wolter, & Arlinghaus, 2012). Our model is thus conservative as to the conservation benefits 1044 

of large spawner size.  1045 

Fourth, although we carefully included key aspects of density and size-dependency, it 1046 

is possible that density effects also occur on fecundity itself (as for example shown in pike, 1047 

Craig & Kipling, 1983). An age-structured model including this process in northern pike, 1048 

essentially reported similar findings to the present study (Arlinghaus et al., 2010), so we 1049 

conclude the omission of density-dependence in fecundity is unlikely to fundamentally alter 1050 

the present conclusions.  1051 

Fifth, we present a single-species model, and naturally a target species might be 1052 

affected by multiple ecological processes beyond the single species demography. However, 1053 

other work using community based size-spectrum models, which represent community 1054 

dynamics, similarly suggest that harvest slots may lead to more balanced fishing than 1055 

classical “knife-edge” selectivity through minimum-length limits (Law & Plank, 2018).  1056 

Sixth, our model assumed full compensation among age classes in terms of density-1057 

dependent growth, i.e., all individuals of all ages relied on the same prey resources. While 1058 

this assumption may hold for pike who become piscivorous in the first year of life (Persson et 1059 

al., 2006) and feed on similarly sized prey fish as they age (Gaeta et al., 2018), other species 1060 

show more complex ontogeny in prey choice and thus the competition for food will vary 1061 

strongly by size(age) class (e.g., in Eurasian perch, Perca fluviatilis, Claessen et al., 2004; 1062 

Persson et al., 2003). Size-structured models are needed to account for more complex food-1063 

dependent growth and size-dependent interactions where different cohorts feed on 1064 

different prey types (van Kooten, Persson, & de Roos, 2007). 1065 

Seventh, we also assumed all individuals to remain fully vulnerable even after being 1066 

released. There is increasing understanding that fish learn to avoid being recaptured after 1067 

initial private hooking and release experiences (e.g., Klefoth, Pieterek, & Arlinghaus 2013). 1068 

Also, gear avoidance behavior is reported for a range of commercial fishing gears (Arlinghaus 1069 

et al., 2017). It is particularly the largest and oldest individuals that reduce their vulnerability 1070 

to the gear over time. Such behavior would naturally create a “harvest slot” or dome-shaped 1071 

selectivity as reported for angling gear in other studies (O’Farrell & Botsford, 2006). 1072 

Eighth, we assumed fish to maintain reproductive performance even at old ages, 1073 

thereby assuming no reproductive senescense. Reproductive senescence has been reported 1074 

in viviparous (Reznick, Bryant, & Holmes 2004) as well as broadcast spawners (Benoit et al., 1075 
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2018) and has been implicated in causing reduced recruitment in unexploited esocid stocks 1076 

(Eslinger, Dolan, & Newman, 2010; Eslinger, Sass, Shaw, & Newman, 2017). However, 1077 

reproductive senescence is unlikely to affect substantial numbers of fish in exploited stocks 1078 

and therefore is unlikely to matter much for popluations dynamics. Indeed, a model by 1079 

Arlinghaus et al. (2010) specific for pike assumed the presence or absence of reproductive 1080 

senecense revealing negligible impacts of reproductive senescence on the performance of 1081 

size limits. 1082 

Finally, we did not consider the potential for fisheries-induced evolution (FIE). 1083 

Although FIE can shift maturation size and age, elevate reproductive output and reduce post 1084 

maturation growth (Jørgensen et al., 2007), several models have shown that the relative 1085 

phenotypic change expected within the realm of plasticity is orders of magnitude greater 1086 

than life-history change caused by selection (Eikeset et al., 2016; Lester et al., 2014). Studies 1087 

specifically focusing on addressing FIE have also shown that keeping fishing mortality rates 1088 

within limits that optimize ecological targets (e.g., MSY) are usually also sufficient to address 1089 

FIE (Eikeset, Richter, Dunlop, Dieckmann, & Stenseth, 2013). Previous work has also shown 1090 

that harvest slots can ameliorate key selection responses in life-history traits (Matsumura et 1091 

al., 2011; Zimmermann & Jørgensen, 2017), reinforcing our study findings. 1092 

 1093 

Conclusions and implications 1094 

Our work suggests that harvest slots were often the superior regulation to the classical 1095 

minimum-length limits across the suite of yield and catch-based management objectives 1096 

considered, particularly when representing density-dependent growth, size-dependent 1097 

mortality and hyperallometry in fecundity and more fisheries objectives than biomass yield 1098 

alone. Our results suggest that even for biomass yield where minimum-length limits are 1099 

typically considered optimal, we found harvest slots to produce yields similar to values 1100 

predicted from the optimal minimum-size limit. Harvest slots also turned out to consistently 1101 

constitute the best regulation when considering the full suite of catch and yield based 1102 

objectives. Thus, depending on the management objective harvest slots can be 1103 

recommended as a suitable alternative to minimum-length limit, in agreement with several 1104 

previous studies (Ayllón et al., 2019; Arlinghaus et al., 2010; García-Asorey, Escati-Penaloza, 1105 

Parma, & Pascual, 2011; Gwinn et al., 2015; Jensen 1981; Koehn & Todd, 2012; Le Bris et al., 1106 

2015, 2018; Reed, 1980). Because we found our results to be fairly insensitive to most input 1107 
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parameters and the different compensatory processes we modelled (e.g., stock-recruitment 1108 

function), we are confident that our results hold for a wide range of species. Clearly, if very 1109 

large fish have high value as a landed (as opposed to just captured) fish, the predictions of 1110 

our model would not hold as one of the key objectives we optimized was the catch, not the 1111 

harvest, of particularly large (trophy) fish. Harvest slots may also reduce the recovery speed 1112 

as the exploited stock is composed of slower growing (large) individuals relative to stocks 1113 

expected under minimum- length limit regulations (LeBris, Pershing, Hernandez, Mills, & 1114 

Sherwood, 2015). Ultimately, our results suggests the choice of the local size limits will 1115 

crucially depend on management objectives, local fishing pressure, the stock-recruitment 1116 

function and the density and size-dependency of growth, mortality and fecundity. 1117 

From a practical perspective, compromises among multiple yield and catch-based 1118 

objectives that favor harvest slots over minimum-length limits are likely to be made in most 1119 

mixed commercial-recreational fisheries, e.g., for the mixed fishery in northern pike in the 1120 

Baltic, as well as for the prototypical recreational fishery where not only harvest but also the 1121 

catch of large fish or catch rates are part of the utility function (Arlinghaus, Beardmore, 1122 

Riepe, Meyerhoff, & Pagel, 2014; Beardmore et al., 2015). Harvest slots could be 1123 

straightforwardly implemented in small-scale fisheries where gear types such as fyke nets, 1124 

gill nets (with regulations on lower and upper mesh sizes) or long-lines are prevalent 1125 

(assuming captured fish can be released unharmed) and the catch of immature and very 1126 

large individuals can be either controlled or protected sizes be released unharmed. Harvest 1127 

slots are particularly easily implemented in recreational fisheries (Gwinn et al., 2015; Tiainen 1128 

et al., 2017). In order to function, the discard mortality has to be controlled and the width of 1129 

the harvest slot tuned to local fishing pressures.  1130 
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