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Abstract

Fish stocksexperiencinghigh fishing mortality show a tendency to mature earlier and at a
smaller sizewhich may have a genetic component and thereforeléstimg economic and
biological dfects To date, the economic effects of such-egolutionary dynamics have not
been emirically investigatedUsing 70 years of data, wievelop a bieeconomic model for
Northeast Arctic cod to compare the economic yield in a model in Vifeehistory traits can
vary onlythroughphenotypic plasticity with a moded which, in additiongenetic changes can
occur. We findthat evolutionary changes towards faster growth and earlier maturation occur
consistently even if a stock is optimally managed. HoweWarstock is managed optimally,
the evolutionary changes actually increase econogyall becausdastergrowth and earlier
maturationraisethe stock’s productivity.The optimal fishing mortality is almost identical for
the evolutionary and neevolutionary model and substantially lower than whatais been
historically. Therefore, th&osts of ignoring evolutionnderoptimal managememegimesare
negligible. However, if fishing mortalityis as high as it has been historicakyolutionary
changesmay result in economic losses, but onfythe fishery is selecting for mediusized
individuals. As evolution facilitateggrowth, thefish areyoungerand still immature when they
are susceptibléo getting caught This outweighsthe increase in productivity due to fish

spawning at an earlier age.
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Introduction

Life-historytheory, experiments, and fielthsed studies strongly suggest that fishing is capable

of inducing genetic adaptations, especially when it removes individualschattacteristics
such as large body siZ&-5). Even if fishing § not sizeselective, high fishing mortality may
be sufficient to induce genetic chan@e 7) It is difficult to predict how geneticlanges at the
individual level affect populatioflevel properties Genetic adaptations may, in principle, be
beneficial for the state @fstock by enabing individuals toinvest more intaeproduction and
growth (1, 8).As a consequence, the stock may become ma@uctive,allowing exploited
populationsto withstand highefishing mortalites thanthey could in the absence of such
adapation possibly permitting higher yieldsHowever, while an individual's increased
reproductive investment leads to larger gonads, this hagtehg expense of slower post
maturation growth. Maturing earlier may also reduce fecunlgityause individuals are smaller
when they reproduc€9). Moreover, dapting to fishing may bear a cost mfladaptation
resulting inincreased natural mortaliff0, 11) Thereforefisheriesinduced evolutio(FIE)
mayreduce yield2, 4, 12, 13andmay evenmply a “Darwinian debt (14)to bepaid back by
future generationsat least ifgenetic changearedifficult to reverse(l, 15, 16).Clearly, FIE
has the potentialor causingpositive and negative effects &y stock properties such as
spawning stock biomass (SS&)d yield, makinghe economic effect ambiguouk.is also an
open question wheth#re expecte size of the emnomic effects are substantial, largegcause
any evolutionary changes are closely intertwinagth ecological effectsFor examplethe
release of densitglependence when population biomass is fished down, coaldlifmgortant
driver of phenotypichange (1, 17, 18and might overrideffectsof FIE on yield. To our

knowledge, no study hast to empirically investigate the econom@onsequencesf FIE in
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wild populations and how these alter optimal fishing mortalitidsere, we ask how
evolutionarily informed management differs from classical fisheries mareageFirst, we
determine how an evolving fish population should be optimally managed. Second, we analyze
how these management strategies differ compared to optiraahgement derived for a
population whose development is purely determined by ecological processes. Thisk we a
how substantiahe losses are if a fishés manager unaware ofinyevolutionary changes
manages an evolving population as if it wereenatlving. Fourth, we analyze hdwE affects

the performance of the fishery thatnot optimally managed, bbeavily exploited.

Northeast Arctic (NEA) cod is currently the world’s largest stock of Aitasod Gadus
morhua) and provides substantial ecosystem servidé®e stock’s fishery is an importan
economic resource for Norway aRaissia with annual catchsby Norwaybeing worth more
than 500 million US dollars in 2010, and Russ@btaining about the same revenue
Tradtionally, harvesting focused oadult cod at thestock’s spawning grounds along the
Norwegian coast. From the 193@ghenindustrial trawlers were introduced inetlstock’s
feeding groundsn the Barents Seammature fishcame under substantiathing pressure
while total fishing mortality increasgd9). Evolutionary changes have been predicted to be a
factor in explainingheobserved declirsin age and length at maturationNEA cod although
the predicted extent has varied among studiés20).

We developa bioceconomic model to investigaifeand how FIE affects economigield
(Fig. 1) Our model isa comprehensive compilation of a kfestory model for a harvested
species, and the economic components rely on individual vessel data, makiagféniaswe
are awarethe first empirically biceconomic model for investigatingenetic adaptations to
harvesting It has been specifically builtor NEA cod to investigate the ecological and
evolutionary effects of exploitation on the changes in maturation that occurredisifieg

mortality was intensifieth the 1930s in the feeding grour{d%). To match the observed trends
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in the biological model as closely as possille,recreate the historicalselection pressur®
determingheevolvability (i.e.the coefficient ofeneticvariation in the life-history traitg17).
While wefocus on the feeding grounds fishery in the Barents Sea, we also included fishing in
the spawning grounds at the historic levels between 1932 until 2005, and at a consaftet rate
2006.Hence, we consider the spawning ground fishery to be beyond the control of the manager.
The biological model component is built upon the indivicheded ecaenetic model
framework developed byef. (1), describingfour evolving lifehistory traits capturing key
aspects of growth, maturation, and reproduct®mangesn life-history traits may be driven
by both ecological processes, like phenotypic plasticitydargitydependence, and through
genetic processes. To evaluate whetheoaatingfor FIE requiresa specialharvest strategy
we also analyza nonevolutionary version of the biological modelwhichthe genetic traits
camot evolve. We therefore compare a nowvolutionary model, in which changes in
populations are driven only by phenotypic plasticity, with an evolutionary model thasallow
in addition, for genetic adaptatiohe economienodel componertonsists of production and
cost functios estimated specifically for the Norwegian cod trawler fl&®e incorporate a
demand function, also estimated frempiricaldata,to account fohowtotal catch affect the
price of landings (21)Our model incorporates feedbadsetween thetock development and
theeconomic gainghrough & optimalharvest controlule (HCR), which is constrained by the
two parameter8max and Fmax (Fig. 1). Such shape makes it directly comparable to the HCR
that wasmplementedor NEA cod in 200422,23). We search for the parameter combination
that gives the highest net present vdlNBV) for the objective fleet profits. We derive HCRs

thatareeither optimized in the evolutionaoy nonevolutionary version of the model.

Results



117 We first compare themergingpropertiesof the evolutionary model with theon-evolutionary

118 model, when both are managed according to what an HCR recommends that has been optimized
119 for fleet profits(see Table 1“Evolution” vs. “Ecology’). We find thatthe optimal fishing

120 mortality is almost identicdbr the evolutionary andon-evolutionarynodel and substantially

121 lower than whattihas been historicallyn spite of this the emerging biomass levels and the
122 total allowable catch (TAC) are higher in the evolutionary madelicating that evolution

123 indeed makes thstock more productive, perrtirig higher yieldsfor the same fishing
124  mortality. Overall, the NPV of the fishery is higher when evolution occurs, even though the
125 total effect is very small. Given that the recommended fishing mortalities are alnmigtatle
126 theloss of disregarding gnevolutionary effects isegligible andthe NPV is still higheif

127 evolution occursaand ignored by manageffable 1 “Evolution ignored). The key message
128 here is thatlow fishing mortalityis optimal, no matter whether genetic changes occur or not
129 This prediction holds for different discount rates (Table, 88)ensalesprices areassumed

130 independent of the total catch, amkdenthe price that can be obtained per kg of cod rises with
131 the weight of the fislTable S4).

132 Given thatfishing mortality has not been low for the NEA cod fisheryhe pastand

133 worldwide most fisheries arstill far from being managed optimally, we also investigate how
134  evolutionaffects thestockwhen it is overexploitedio do sQweuse historic fishing mortalities
135 betweenl932and 2006 and the average fishing mortality afterwards to simulate aisaanar
136 high fishing pressure. This is theantrasted with a counterfactual scenario that analyzes how
137 the fate of the fishery would have developed ibgtimal HCR had beealreadyintroducedn

138 1932 @s given inTable 1 “Evolution”). We find that using aoptimal HCRIleads to higher

139 biomasdevelsin the evolutionary modetompared to the case where only ecological effects
140 are presentThe opposite is true for theeenario ohistorically high fishing mortality where

141 biomass is actuallglightly lower in the evolutionary moddFig. 2A). As a result,the
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corresponding TAC and NP¥re also slightly lower when evolution occarand fishing
mortality is high Table S2.

It is notimmediatelyobvious whyevolutionhas a positive effect on tifishery if fishing
mortality is set optimally, bua negative effect fishing mortalityis high. Inspecting key life
history traits revedahatage at maturation declineser timein all scenariogFig. 2B). While
this occursin the nonevolutionary model (solelyas a resultof phenotypic plasticity), the
decline is even more se@awhen evolution takes pladedeclinein length at maturain occurs
in all scenarioss well, and is even more pronounced if fishing mortality is (fagh 2C). In
spite of reduced age and length at maturatiba,reproductive output per unit of SSB, a
measure of the stock’s productivity, is increasing over time when evolution ocayir&DF.

In order b better understand the population structumee take a closer look at thege
composition at theimulationendpointgFig. 3). We find that in spite of individual fish being
smaller at maturatiorithe size at givenage is consistently larger for the evolutionary model
compared to the non-evolutionary madalespective of the fishing mortalibeingoptimal or
high (Fig. ). Indeed the underlyinggenetictrait changeshowthat the evolving population
invests more in intrinsic somatic growth capaatyd reproductive investmemith the end
resultbeingoverall largerbody sizes antiigherreproductive outpu(Fig. 3A, S1). Looking
closer atheage structure of the fishakes itmmediately cleathat theevolutionary loss occurs
because the number of individuatseach agelassis much lower iffishing mortality is high
andevolution occurgFig. 3B). The fish grow quickeand mature earlien the evolutionary
scenariowhen fishing pressure is highut thesegenetic changedo not pay offin terms of
population biomass, TAC or NR\becausdish are also youngefand still immaturewhen
they arepotentially caught by trawlers, which spare all fish below the minimumlisizteof

45 cm.It might seem surprising that these genetic changes towards faster growth o@ur, g

that this makes the fish more vulneratgefishingat an earlier ageHoweve, faster growth
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alsomeans maturing earlier, which enables individuals to have a higher probalbiiproéduce
and pass on genes before being captured by the fishery.

If interactions with the environment are responsible for the evolutidossyit mg be
sufficient to tweak the environment to avoid or reverse these losses. Indeeddwbati
changing theaminimum sizelimit is sufficient to avoidanyevolutionary cost¢Fig. 4). With a
very low minimum size limitevolutionis unambiguouslgoodfor the fisherybecause iteads
to individual growththat is fast enough to negate any detrimental effects of early matunation o
TACs (Fig. 4A). As expectedevolution has little effect othe TAC when theminimum size
limit is high becauseselection acting omaturation and growth is weakand there is little
difference between the evolutionary and +ewolutionary predictiongFig. 4C and S4).
Therefore, the loss in NPV due to evolution only occurs for intermediate minimarinsits,
where the beneficial effects of growing faster are swamped out by making fthlesmore
vulnerable who are larger, but also younger and still immature (Table S5).

In this studythe coefficient of genetigariation was set at a level that resulted in the
best fit to empiricalbbservations in age and length at maturafi@ble S}, but we nonetheless
investigated the effect dhis parametertije evolvability of traits on model predictionsAs
expectedl, 16, 24, 25)higher genetic vanceresulted irfish matuing at even youngeages
and smaller sizes, while also growing fast@nsequentlyhigher TACscan be obtainedthen
the evolvability is highpredictingthatstronger evolutionarforces carhave a positive effect

on the fishery (Fig. S3).

Discussion
Our model predictghat evolutionary changeccurs evenf fishing mortalityis low, which
implies that a management strategyediat avoiding genetic changeght not be feasibleAt

the same time, we find th&sheriesinduced evolutions not necessay bad for the fishery



192 and most of the time even beneficiatpecially a fishery that is managed according to what is
193 ecologically optimal can safely ignore arnypoitionary effects-at least for the stocdndunder

194 the conditionghat we are consideringhis finding is very surprising and in contrast to much
195 of the existing literature, which tends to sketch a gloomy picture of the potistquences
196 of FIE. It is also comforting thatishing can cause eldion of faster growth, allowing the
197 population towithstand higher harvest pressuamd preventstock collapse(Fig S3)

198 Nonethelesghelife-historychangesve predictcouldhave managemennplicationsbecause
199 they affectimportant indicators that areommonlyused to assess the state of the stock.
200 Evolution tends to increase thhatio between SSB and total biomd&Bgy. S2) which could

201 mask a decreasingend intotal biomass and affect the ste@cruitmentrelationship with
202 associatedaccuracy of predictiong25). This may furthermorehaveimportantmanagement
203 implicationswhenbiomass levels approa8&Bbasedimit reference point$26). Even nore

204 worrisome is our finding that evolutionary effects tend to be more importamt avfish stock
205 is overexploited and ehfishery isintermediatelysizeselective. Admittedly, such institutional
206 setting is a special case, but unfortunately thetbaeworldwide most fisheries are facing.
207  Surprisingly, @ economicost of evolutiorunder these conditiom®es not materialize because
208 of a drop in reproductive output or as many might expect because of a reduction inaggrowth
209 sizeatage(27). To the contrary, evolution hepromoted faster growityet still could exact
210 an economic cgt. These resultsnderscore the importancermbnagemeniking into account
211 the detailechgeand size-structure of the stock (28-30).

212 While we find that removing selectively individuals of intermediate size may result in
213 economic losses due to evolutionary change, we do not find any evidence that targgting onl
214 large fish results irevolutionary losgFig. 4) These findings may shed ndight on the
215 discussiorwhether harvesting should be balanced or sele3ii/e While we assume a knie

216 edge selectivity in oumodel (32, 33)different gear types with selectivity patterns aamto
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be explored for further research. While gear regulation-garprinciple— be easily changed,
our findings may also hint at broader problems. If predation is size selemietionary
changes may affect natural mortality which may lead to similar consequencestiag f
mortality (10, 11). Investigating how FIE acts in concert with natural mortality, climatic
changes, or other driving forces remains to be explored, especially in hhefliggcovery
potential(16).

While our biological model is very complex, the optimal HCR was constraineddy tw
parametersresembling the shape of the HCR curremttipptedfor NEA cod It would be
interesting to set what extent our results carry overatgimpler biological model that could
then be used for more flexible optimization routiniemating the minimum sizelimit, for
example, as a choice variabknother interesting avenue is to separately optimize harvest
control rules for theNEA cod’sfeeding and spawning grounds. Previous research has found
predictions for fisheriesduced evolution to differ depending on whether management actions
target feeding or spaving grounds34). Here, we focused on the fishery in the stock’s feeding
grounds and kept the fishing mortality at observed levels in the stock’s spawning gmunds
mimic the historic selection pressure on mature fish, while parsimoniously askingamha¢ c
changed for the trawler fleet in the Barents Sea.

Altogether our resultshow that the economic consequencddBfare rathesmall and mostly
beneficial This is largely because of the positive effects of fishing on growth. Tédgbion

is made possible because of the crucial-eeolutionary feedbacks between biomass, growth
and maturation and because of the inclusion of growth as an evolving trait. Models that don’t
include these crucial factors might incorrectly predict a larger econawsicof evolution.
Regardlesslow fishing mortality is the key for successful managemé&atlay, many fish

stocks arestill far awayfrom being managed in atologically optimalway. In sucha case,

our model predicts th&lE enables the stock to withstand higher harvests, but only if fishing

10
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mortality is not intermedialg selectie. Otherwise, FIEnayreduce economic yield amdake
the stock actually less viabldmittedly, these evolutionary costs are very snmaitthey may

just be enugh to push &sh stock from the state of overexploitation itmlapse.

Materials and methods

Our bioeconomicmodel consists of two sumodels: “the biological model” which is a
description of the life-cycle of NEA cod, and “the econommdel” describing details such as
cost and demand for the NEA cvdwl fishery. Each of the sufmodels havéeen specifically
estimated andalibrated forthis stock byusing datarom the time period 1932007 (Table

S1).A more extensivenodel description can be found$hMaterialsand Methods.

The biological model

The biological model isndividualbasedand has been developed in (@f7) buildingupon the
“eco-genetic” modelingrameworkderived in ref(1). The modeldescribesachindividual's
growth, maturation, reproduction and mortalityeachyear and follows the fate of about
50,000 supemdividuals (34, 35)If afish reproducesgenetic traits are inheritdxy offspring
and expressed phenotypically. Mortalitysaoh these phenotypic traitsesultingin selection
that maycausea genetic response in the lifiestory traits (FiglA). We made two versions of
our model, an evolutionary and a rewolutionaryversion each modeling their respective
population of individuals in order to compare a population that has the propensity to evolve,
with a population that does not evolWe consider the evolution of four quantitative dife
history traits:maturation tendencgiven by the (i) slopeand (ii) interceptof a probabilistic
maturation reaction norr(R0), (iii) growth capacity andiv) reproductive investmeniThe
genetic traits evolve independently, and we therefore do not accoyéifitropy or genetic

linkage between trait©ur model has limitations, btihanks to the datavailability for NEA
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cod, we are able tonclude estimates of the initial mean lifiestory trait values and annual
exploitation rates, as well as parameters specifying the -stackitment relationshigi.e.,
newborn mortality) and the density dependence of growth on stock bi¢h7adsurthermore,

a growth-survival tradeoffis included andhe strength of this traeeff was determined
matching the ecological properties for data on age and length at maturatiootypleegrowth

and biomass from 193P950 in the nonrevolutionary version of the model to reach
demographic equilibriung17). In the evolving population, the coefficient of genetariation
(CV) has beemletermined empirically for each trdit7) by matchingtrends in age and length

at maturation over a 74 year period (i.e. from 19825). In this calibration, thhistoric
selection pressure wasimicked by using annual harvest probabilities in the feeding and
spawring ground from 1932 until 2009 he resultant CV has been found to be lower than what
wasassumedn previous studiegsingthe same modeling framewadbkit not based on specific
stocks (1, 16, 24, 25pas was the case hefeor the norevolving population, which is only

driven by ecological processdbe CV is equal to zero.

The economic model and harvest control rule

The economic moddi) specifiesthe harvest function(ji) specifiesthe profit function,(iii)
derivesa procedure for allocating fishing quotas, &n{l derivesthe demand functiorAll of
these functions have been estimated and derived in detafl (86) and used imef. (21). We
assume a knifedge selectivity(32, 33)that targets all fish above the size of 45 (@, 37).

The biological and economic modgeére linked together throughan annual feedbackoop:
spawning stock biomas$$B is fed into the economic model where ultimately the total
allowable catcifTAC) is determined by a harvest control rule (HCR). The derived TAC feeds
back into thebiological model and affects the stock size (Fig'réalized catch). The shae

of the HCR is based on the one that waplementedfor NEA cod in 2004(22, 23): he

12
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maximum fishing mortalityFmax is allowed above eertain SSB level, given by tiparameter
Bmax. BelowBmax, fishing mortality decreases lineattythe origin (Fig. 1B)Weexplore model
simulations over a large gridof combinationsof Fmax and Bmax, Searching for those
combinationghatmaximize theeconomic objectivefleet profit. All results, such as those for
SSB and TAG are given for a population that has been scaled up by a factor of 1085000.
the model is stochastic, we ran each sagerar 15 independent replicates, and then averaged

across these, presenting the mean in the tables and figures.

Historic fishing pressure

The observecharvest pressure in the feeding ground increased steadily from the 1930s to the
middle of the 1960s and remained high uthtd mid- 2000. Inthe “historic fishing”scenarios,
we use observed fishing mortalities from 193205 andthen assumea constantfishing
mortality in the feeding groun¢D.68 year) beingmaintain& from 2006 andnto the future.
This constant (0.68 yedris an averagef the historic fishing mortalitppetween 198-2005

and is higher than what is considered to be precautionary for the NEA cod (O"%($&r
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420 Figure legends

421 Fig. 1. An overview of the bieeconomic model(A) The biological and economic modeire
422 coupled by the harvest control r{l¢CR). Theindividual-basediological model descrésthe
423 evolutionof key life-history traitsif geneticchangesare allowed to occur in the modélhe
424  economic model accounts fibre supply and demanside of the fishery, as well figet profit
425 generated(B) The shape othe HCR depend on two parametersabove thdevel Bmax of
426 spawning stock biomagke maximum fishing mortalitf-max is allowed. BetweeBmax anda
427 biomass level of zerdishing mortality linearly decreases frdfmax to zero. The structure of
428 this HCR is in agreement withatadvised in 2004y ICES(The International Council for the
429 Exploration of the Sedpr the NEAcod fishery.

430

431 Fig. 2. The first scenario is based an optimal harvest control rule (HCR) maximizitheet
432 profit (green shading shows the period for which we have data)tharsdcond scenariof
433 historic fishing mortalityis based onthe observed fishing mortalities for 192005 (red
434 shading)and from 2006 onwards follows the average fishing mortality for-P@0&.For each
435 scenario, the emerging properties from an evolutionary mbtllf are compared with those
436 of the corresponding neevolutionay model @rey). (A) Total biomassdr ages 3years plus
437 (1000 t) is lower in the evolutionary model when fishing mortality is high, but higher in the
438 evolutionary model whethe optimal HCR is s&l. (B) Predicted age at maturatiamd (C)
439 length at maturatios lower in the evolutionary model than in the rewolutionary model.
440 The historic scenaripredictsageand lengthat maturation to falto between age-8, and 60
441 70 cmin 2005, in agreement with the observed d@d.Stock producivity, i.e. mean gonad
442 masdivided by total spawning stock biomasgreases whegvolution occursand even more
443  so iffishing mortalityis high.

444
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Fig. 3. Eco-evolutionary dynamicand ageruncation.The optimal HCR scenario is shown by
green bars, while high fishing mortality is indicated with red bars. The evolutiomadel
outcome is shown in the full bars, while the non-evolutionary one is shogrepynner bars.
(A) the mean sizes larger forall ageclasses if evolution occyrB) thenumberof individuals

in each age class is much lower if evolution occurs, but only if fishing morshigh.

Fig. 4. (A-C) Total allowable catchl{AC) under different minimum size limitand fordifferent
constant fishing mortalitied.heevolutionary modellflack predictshigher TACthan the non-
evolutionary mode(grey) whenselectionalso act on very young fishFor aminimum size
limit of 85 cm, the two models are not different. At ihiermediateninimum size limitof 45
cm, the TAC is highest faheevolutionary model when fishing mortality is low, but as fishing

intensityincreass, theTAC is smalle for the evolutionary model.
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Table 1. Optimal harvest control rule (HCRdr an evolutionary model (“Evolution”) and
non-evolutionary model (“Ecology”). Values shown are averages for-248® on fishing
mortality (F), catch (TAC), spawning stock biomass (SSB), watmporalstandard deviation
in parenthesg and NPV with a discount rate 2. “Evolution ignored” uses an evolutionary

model with the ecologically optimal HCR.

Model F TAC SSB NPV

Evolution 0.34 469 (60) 767 (163) 254
Ecology 0.35 443 (48) 643 (118)  25.3

Evolution | o35 470 (60) 735(155) 254
ignored

Units: F (inst. rate) TAC, SSB (1000 tonnesiNPV (billion USD).
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Sl text

The Supportingnformationconsists of two main section§) S| Materials and Mthods and

(i) SI ResultsIn themethods sectigrwe describ¢he biological and economic component in
the biceconomic modelincludinga description of the data used to parameterize the model
(Table S1) At the end of the&l Materials and Mthods, we discuss model limitatiors the

S| Results we showin greater deptthe emerging properties of the “historisHing’ scenario

that may give rise to an evolutionary cost. Also, we investidpémplications oflternative
discount ratedor deriving optimal harvest control rulefurthemore, we probe into the
robustness of our results. Simulating different levels of constant fishinglityorates (0.2

0.8 yrY), we evaluate the impact of changing the minimum size limit, assuming a constant
price, weightdependent price, and finally, changing the coefficient of genetic variaten (i

evolvability) of the genetic lifehistory traits.

S| Materials and Methods: Model and data description
Biological model

The biological model is individuddased and based upon the framework developegkfby

(2). It combines quantitative genetics with ecological procesdesg placeat the individual

level to derive knowledge on howishing pressuregrogressivelyaffects thestock at the
population level The genetic componewf this model allows the individuals edaptto the
selection pressure brought about trvesting The individualbased model follows about
50,000 supemdividuals (2, 3).All models results, such as spawning stock biom&&8Y(

and catch, are given for a population that has been scaled up by a factor of 1®0c@8€ate
realistic stock levelsParameter values for our model (Table S1) are based on published

sources, data collected by the Norwegian Institute of Marine Resédiét) and the
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Fisheries Directorateand survey data made available through the International Council for
the Exploration of the Sea (ICEShis model has been developed and calibrated for the NEA
cod stock in ref.(4). A similar modelwas used in ref.(5) for the same stock, without

considering any evolutionary dynamics.

Evolutionary dynamics

This section describes first how we model the phenotypic expression of the gexistifor
individual maturationtendency, growth, and reproductive investment, secondly, how we
introduce the distribution of the evolving genetic traits in the initial population, inalllyf

how the traits are inheritdaly offspring. Each genetic trait, (denoted by subscript G) has a
corresponding phenotypic trait valug (denoted by subscript P), with a genetic variance
o’ and phenotypic variance? .. At the population level, we assume phenotypic variance
to be the sum othe genetic and erronmental variance(c’,=c’;+c2). Based on

quantitative genetic§6) each trait has a heritabilityp? = 7 / oZ,, which allows us to

calculate the environmental varianceyf,E:ojG(hf—l) for each trait in the initial

population (where ajeis empirically determined for each trait, see below). This

environmental variance was then subsequently kept constant thtough The four
considered quantitative genetic traigse the maturation tendency by a probabilistic
maturation reaction norm (PMRN) (§Jope z, = s, and (i) intercept z, =i ; (i) growth
capacity z, = g,; and (iv) reproductive investment gan by thegonadosomatic index

z, =GSl. In the initial population, the genetic traits are assumed to be normally distributed
with mean initial trait valuesindgenetic variances determined by the coefficient of genetic

variation CV, ., both based on empirical daf@able S1).The genetic traits are expressed

phenotypically byrandom drawsfrom a normal distributionwith meansequal to the
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respective genetic trafsee Table S1 for initial values), with the @sponding environmental

variance o2. We made an evolutionary and anrevolutionary version of the model, each

modeling their respective population of individuals in order to compare a population that has

the propensity to evolve, with a population that does not evolve. First, thevoarionary

model was calibrated to accomplish a match with data on Northeast arctic (NEA) cod

phenotypic growth, biomass, and age and length at maturation for the periot9B28¢4).

For the norevolving population, which is only driven by ecological processes, the coefficient

of genetic variation CV, ;) equals zero. In the evolving populatiody, , wasdetermined

by matching trends in age and length at maturation over a 74 year period (i.e200832
For all four evolving traits these were then varied to determine the amoweuobftion

needed to match the maturation trenois1f932-2005The range of evaluated coefficients of

genetic variationCV, , wasbetween 0% and 12% and based on previous models (1AH-9)

possible combinations were systematically evaluated and ranked by lagolikklThe

combination that ranked best was consedyeiectedand used to define théV, ; values

for each trait

Offspring inherited genetic trait valué®m their parents bgrawingrandonty from
normal distributions with means equal to the 4pa&fental genetic trait values (i.¢he
arithmetic mean trait value of the two parents) and variances equal to halfidtreedor a
given genetic trait inthe initial population (thus assuming a constant recombination
segregatioamutation kernel; see refl, 10)).After the initial year(e.g., the first year in the
simulatian), genetic means, heritabilities and the trait distributiomsld change freely as
determined by the processes of maturation, somatic growth, reproduction, natuaditynort
and harvesting mortalityThese processes weapplied sequentially in each year to all

individuals.
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Maturation, growth, reproduction and natural mortality
Each year, the probability p, that an immature individual will mature is sigibed by a
probabilistic maturation reaction noyfl@AMRN (11, 12) This is a function of the individual's

length | and agea and given byp_ :[“ exp(_(l _Ipsoa) /v)]_l . Thelength| ,_ is where

the maturation probabilityp,_ is equal to50% at agea, as given byl =i.+sa, with a
phenotypic intercept, and slopes,. The parametey is determined by the lowdsound

probability p, (25%) and the upper bourgtobability p, (75%) of the maturation envelope

-1

(1, 4), together with the PMRN width, as giveniyw/In-2_—=.

u

To reflect densitydependence in growth brought about by changes in abundance, and

consequently competition and resource availability, we used an estimaag@dnstlip of

phenotypic growthg, ., = g,, exp(-xB, ) depending on total stock biomaBsin yeart. The

hypothetical length increment where biomdgss zero is referred to ase maximum growth

increment and x is the strength of density dependenceducing growth relative to this
maximum.For this estimatiorfTable S1) derived in detail in ref(4) and used in ref5), we
used data on annual growth increments and biomass for the 882009 obtainedfrom
survey and stock assessmdni 13). The parameters were estimated by regressing log
transformed mean annual growth increments for ages 0 to 5 years in the wintgragainst
total biomassand other cevariates (R= 73 %), see ref(4). For the immaturéndividuals,

denoted by a superscript I, the body length in a given year depends on theimetig
previous year and the growth increment in that y&agl' , + Jp p;1- Mature individuals,
denoted by a superscript M, also allocate resources to reproduction, depending on t
reproductive investment. This is given by fhteenotypic gonadsomatic indexGSl, and a

conversion &ctor, y, needed to account for the higher energy content of gonadic tissue
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relative to somatic tissu@4, 15) Consequently, the length of a mature individual is given by

1" =80, 9pp,H) /(3 7GSly_,). An individual female’s fecundityf is determined by its

length | and gonadesomatic index phenotyp&SlI, and given byf =ki'GSI.D, where D

is the weightspecific packing density of oocyt€s6), andk and j are allometric constants
relating body length to body masehe gonad weight at a given age can be calculated from
fecundity by dividing it by the weigkdpecific packing density (shown in Figs1). An
individual's probabilityto mateis proportional to its gonad mass, where large gonads due to
larger body size ardr gonadosomatic indexesult in a higher production of gametes (eggs
and sperm), and therefore in the production of more offspinngur model, sex was assigned
randomly at birth at a 1:1 primary sex ratio. Atlantic cod are batch spawners aray srate
with several different partnerd7, 18) We therefore assumed mating to be random with
replacement.

The individuals can die from natlror fishing mortality.In our model, natural
mortality originated from three sources: newborn mortalatyst of growth and aconstant
background natural mortalityThe densitydependent newborn mortality was modelled by

using an estimated Bevertétolt stockrecruitment relationshifil9) from VPA-data(20, 21)
Recruitmentdepends ospawning stock biomasSSH in yeart and sea surface temperature
SST, reflectingthe impact of climateThe sea surface temperature stretches from the Kola
meridian transec{33°50" E, 70°50’ N to 72°50" N)and has bee shown to be a good

indicator for recruitment for Northeast Arctic c@@2-25). The expected numbeR;, of
recruits at age & then given byR,, ., =c,SST (c,SSB ( 1c, SSB) wherec, ¢ andc,

are statistically estimategparameterg R> =58.9%). The two densitydependent parameters
y

¢, and c, were scaled to thmodeled population (Table SIAnnual temperature data from

19322005 was fed into the modelled stea@cruitment relationship and after 2006 we used



141 the average from 199%005. In this stockecruitment modelwe ignorecannibalism even
142 thoughit has been shown to be important forumat mortality in young agelasseg24, 26).

143  We found be expected number,, of newborn recruitdy backcalculating the predicted

144  number of 3year oldsassuming an annual total natural mortatitpbabilityequal to 0.23r*
145 as conventionally done for this stock in assessni2h). The survival probability of the

146  offspring of a given spawning pair was equalrg, divided by the total fecundity of the

147  spawning population.

148 The second source of mortality, the growstirvival tradeoff, accounts for less energy
149 available for maintenanc@7, 28)and lower survival as growth increaserhis may be a
150 result of, for example, risky foraging behavi@9, 30).We therefore included a traadéf

151 Dbetween an individual’s survival and genetic growth capagitythrough the extra mortality

152 probability m, = 06/ 9max» Whereg, . is the maximal genetic growthcrementat whichthe

153 survival probability drops taero,and determines the strength of this tradffe The parameter

154 g, isapriori unknown andchas been determined in a rewolutionary model to imitate the
155 stock demographically from 19350 (4) by varying g,,,, from 50200 cm, in steps of 5

156 cm, resulting in31 evaluated combinations. This grid covered the range of values being
157 assumed in published versions of this mddel7). Compeng model predictions with time

158 series data on phenotypic growtlipmassand mean age and length at maturafienthe

159 period 19321950, the growthsurvival tradeoff g, was determined byog likelihood

160 (Table S1).Together, the background naturabrtality and theadditionalmortality resulting
161 from the growthsurvival tradeoff produced annual natural mortality probabilities,equal
162 to 0.18, as assumed by ICES in its VPA analy$able S1)

163 As is the case for NEA cod, harvesting was implemented in the model separately

164 the feeding grounds and spawning groundsthe feeding grounds, harvesting was size
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selective with minimunsize limits within the range recordéor NEA cod from the 1980s
onwards (31)In the spawning grounds, only mature individuals were harvested and there was
no minimumsize limit. Due to annual spawning migration out of the feeding ground at about

Y4 of the year, the harvest probability of mature fish on the feeding grounds-w@asp, )**,

where p, is the harvest probabilifypr the immature fish

Economic model

To calculate the welfare effects of harvesting, we specify first the harvesiofunsecond,

the profit function, third, derive a procedure for allocating fishing quotas, and fourive de

the demand function. All of these functions have been estimated and derived in detail in ref
(32) and used in ref(5). Furthermore, we specify the objective functions to derive an optimal

harvest control rule.

The harvest function

Following ref.(33) andref. (34), the harvest function of vesseh yeart is given by a Cobb
Douglas production functiom, = gB7¢/;, Where q is a catchability coefficientp, is the
amount of biomass, ang is fishing effort. In our model, effort is defined as the number of

days a boat is fishing catbrth of 62° N multiplied by the sizegiven in GrossTonnage) of
the boat. The stoekutput elasticity a and effort-output elasticityp describe how harvest

changes when the respectiaputs, biomass and effort, change.

The profit function
The cost data for each vessel contains expenses made for “labor wages and sharés to crew
“social expenses(i.e. payrollrelated expenses, such esployer contributions to pension

and the employer portion of social security tax), “fuel and lubrication‘bi#iit, ice, salt, and
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packaging“, “food expenses to crew”, as well as “maintenance on vessealhtenance and
investment on gear*insurance on vessel”, “other insurances’ggtkeciation on vessel” and
“other operating expenses”; see atset (35). In total, there are 11 cost components, which
are indexedk = 1 ... 11. Dtal costs incurred by vessein yeart are given by the vector of
nominal cost componentsC, , which are subsequently corrected for inflation using the
Producer Price Index, PPI. We calculate the part of the total costs incurcadciuing cod by
the share of days vessalpends on catching cod in the total number of days vieissishing

at sea. Using index to enumeratall eight fish speciescaught(with cod beingj = 8) and

denoting the number of days in yedhat vessel catches specigdy D, ., the total number

j
of days vessel spends catching fish in yeaéris equal toZilDijyt.Therefore, the costs
attributed to catching cod by vessél yeartare C, :(Di&tZ“il:ic,kl)/(PP{Z?3 1Dm) :

We empirically determine which fraction of thests of fishing per boat,, comprise
fixed and variable costs mstimatingC, , =c; +¢,g,, wherec, can be interpreted as fixed
costs, whilec, are variable costdultiplying the catchh, of vesseli with the price of cod

P yields the revenud?h , of vesseli. Theprofit 7,, of vesseli is then given by offsetting

this revenue with the costs of vessahd given byz,, =Rh -c; -¢f§;,.

Issuing individual quotas

Harvest quotas could in principle be allocated through a market mechanism, such as an
auction or handed out by the government to the boat owners. It is noa geari what the

most efficient allocation (or market outcome) is, because the size of dkee apnd number of
guotas can vary. Each boat faces a fixed cost, but is harvesting less éffioteen the size

of the quota per boat increases, determined by the estimatedoetiout elasticity (see



210 parameterp in Table S1). For each year, we identify an optimal numben of vessels

211 harvesting an optimal number of tonnage day®r a givenTAC and total stock biomass (for

212  details see re{32)), wheren, =H,q'e "B “.

213 Thedemand function

214 The NEA cod fishery contributes a large part of the world’s cod landings and tieeaiffrts

215 the international market price for cod. To describe this relationship, wa lusEar demand
216 function, P =h,—bH,, where P is the price for cod in yeat, H, is the total harvested
217 biomass in yeat (as determined by the TAC), amgd and b, are parameters.hg inverse

218 price elasticity is estimated to Beb, i.e. if the supply of cod increases by 1% ,viloeld price

219 drops by 0.5%32). Using the average kg price in the period 12087 (in 2000 NOK)of

220 12.59 NOK,and theaverage landing of 527.8 thousand tonmdisws us to solve fory, and

221 b, (see Table S1).

222 Theobjective function and the harvest control rule
223 Each year, the NEA cod fishery generatesnomic profitdor the fishing fleet, given by, .

224  Finding the maximum economic yield requires us to maximize the net presentNaMedf

.
225 the fishery ovell years, as given biNPV = ZHt (1/(1+ 5))t , whered is the discount rate.

0
226 The HCR implemented for the NEA cod fishery in 2004 translates precautionary
227 reference points into a management 2l 36) Belowthesereference pointthe stock isat

228 risk o being harvested unsustainablihe implemeted HCR for the NEA cod in 2004
229 consists of two paramete(87, 38) a maximum fishing mortalityFpa is followed if the

230 biomass level is above the precautionary biomass Byglbelow this biomass level the

10



231 fishing mortality decreases linearly to the origin, i.e. fishing mortality is atra biomass

232 level of zero.

233 Here, we generalize a HCR with two parameters (Fig. 1b) that can be compared with
234 the implemented management plan. If the SSB is between zdBax, the instantaneous

235 fishing mortality for the given year is given %y SSB/B,,,. If the SSB is larger thaBmax,

max*

236 the fishing mortality is equal tbmax. The current HCR is therefore recovered as a special
237 case whemBmax=Bpa andFmax=Fpa. In our model, we vary the parameters in the HCR over a
238 wide range of values, not constraining them to existing precautionary refgremts. We
239 search for the combination of parameter vaBgs andFmaxthat deliver the best results for
240 the objedwe function (maximize profit) and identify those as optima. The grid size for the
241 parametergave a grid of 4141 different HCRBhe parameterBmax were variedrom 0-800

242 thousand tonnes in steps of 20, @nelinstantaneous fishing mortalifymax variedfrom 0.2

243 1.2 yrtin steps of 0.0r!. Our model is individuabased, and for some of these HCRs,
244  fishing could make thabundancerery low. To avoid stochastic effects at low abundances,
245 we therefore set a threshold below which the population classified as extinct (a20

246 modelledmature “supeindividuals”), see ref(3, 4) The computations were completed on
247 Abel, the computer cluster with 10000+ corasthe Research Computing Services at the
248  University of Oslo.

249

250 Modd limitations

251 As with all models our bioeconomicmodel has limitations and simplifications. A few
252 assumptions merit special attention hdtiest,we assume an initial 1:1 sex ratio although it
253 has been shown that the sex ratio has fluctuated oveirtithes cod stock (39)Second, we

254 assume no sexual selection, though it is possible that sexual selection magcefthe

255 evolutionary changes in IdBistory traits (40-42). Third, we do not include genetic

11



256 correlations between the l#@story traits describing matation tendency, growth capagcity
257 and reproductive investmerftt). Fourth, we assume a constant minimum size limit that
258 determines the harvieble biomass (Table Slimplicitly assuming knifeedge selectivity
259 (19, 43),which may not be fully realisticAlthough our size limiis based on data, the size
260 selectivity hasvaried over theconsidered time period and across vessels since (882
261 sensitivity analysis on minimum size limit, see Table S5). Fifth, the shape d{CRewe are
262 considering is constrained by two parameters, reflecting the current masrdgphan.
263 Investigating completely different shapes or considering parametershénaje over time is
264 an interesting avenue for further research. Siwth,focused on the fishery in the stock’s
265 feeding grounds and kept the fishing mortality at observed levels in the stock'sirspaw
266 grounds. We did this because we wanted to mimic the historic selection pressure on the
267 mature fish, while parsimoniously asking what can be changed for the tragdernrfl the
268 Barents Sea. This assumption could be changed, and the next step wouldebeetard

269 optimal HCR for each of these fisheries.

270
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Supplementary Results

Historic fishing pressure

Table S2 shows the harvesting properties for the scenario of historic figieissurgi.e., high
fishing mortality)presentedn Fig. 2. The evolutionary model delivers lower total allowable catch
(TAC), total biomass from age 3 onwards and also lower net present value (NPV), while the
spawning stock biomass (SSB) is slightly higher compared to the non-evolutionary model.

In Fig. S1 we show the lifehistory changes in the scenario of “historic fishing
pressure”, corresponding to Bi@ and 3. Genetic adaptations caused by fishing pressure lead
to higher reproductive investme(fig. S1A) and genetic growth Fig. S1B). As a result, he
evolving population has consistently larger gonad we{gig. S1C) and higher phenotypic
growth (Fig. S1D). Due to evolutionary changes, the ratio between spawning stock biomass and
total biomass changes over time because of a change in nwatgetiedule (Fig. S2). This may
have implications for stock assessment and the target reference points that arferused

management.

Alter native discount rates

Table S3 presents optimal harvest control rules (HCR) derived for alterd&étocint rates.
As expected, higher discount rates lead to slightly higher fishing mortgy though only
marginally. This may seem surprising, but happens because larger catchies resver
prices, and hence profits. At a certain point, the resulting profit loss from lowes pric
outweighs the profit gain resulting from catching more fistiespective of the discount rate;

see also ref5).
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Alternative scenarios with constant fishing mortalities

Constant and weight-dependent prices

We probe into the robustness of our results/énying the fishing mortality under
alternative assumptions and investigating how this influences the effects of
evolutionary changes. First, as a theoretical exercise, we assume thaticedearp
independent of the total catch and the price is constaid.is clearly not realistic

for the NEA cod fishery, but certainly the case for many other fishefigsa
constant price we uste inflationcorrected average kg price in the period 1998
2007 of 12.59 NOK Second, in additionywe assume that sales prices are weight
dependent, i.e. the price that can be obtained per kg of cod rises with the weight of
the fish.We found little evidence that this is actually the case for the fleet of trawlers
we are considering herdut it may be relevant for other vessel typeetably
smaller coastal vessels. As a theoretical benchmwarkcanrely on the minimum
prices from theNorwegian fishermen’s sales organizati@d4). The pricesfor the
different weightclasses are as follows. Cod that is heavier than 6.5 kg yields 17
NOK/kg. Cod that weighs between 2.5 and 6.5 kg yields 14.25 NOK/kg, while cod
that weighs between 1.0 and 2.5 kg yields 12.25 NOK/kg, and all cod that weighs
less tha 1.0 kg yields 9.25 NOK/kg. Table S4 shows the emerging properties of
different fishing mortalities and the NPV for a constant price (BHP\and for
weightdependent prices (NR¥). For comparisonwe also show the NPV derived
from the model used in the main text. We find that our earlier results presented in
Table 1 fully carry over to the case where the price is constant or velsighhdent

Still, evolution increases the NPV of a fishery if fishing mortaigyow, while it

decreases the NPV of a fishery ifffisg mortality is high (Table $4
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Emerging propertiesfor minimum size limits of 25, 45 and 85 cm

Table S5showsthe emerging propertiesf total allowable catch (TAC), total biomass above
the age oB, and net present value (NP¥Mat complement Figt. For afishing mortalityof F

= 0.8 anda minimum size limit equalto 25 cm, both the evolutionary arttie non-
evolutionary modepopulationgoesextinct. When harvest pressure is high and the sizé lim
is low (=25 cm), the economic lossége to evolutiorthat we see at a size limit of 45 cm,
disappearThe NPV values are overall lower, however, for the 25 cm size limit than for the
45 cm size limit At a very high minimum size of 85 cm the rewvolutionary model performs
insignificantly better than the evolutionary model, suggesting that economes Iggsn
evolutionary change are not increasing as minimum sizes increase. Instsadythationay
costs are highestlpeit still small) for a minimum size of 45 cna size that is based on
historic values for the Norwegian and Russian cod fishé#ie21l)and very close to theize
currently used aa legal minimum sie (45).Fig. S4 show thefinal genetic trait valuesyéar
2100)for differentfishing mortalites (F=0.4, 0.8 yr?) and for differentminimum size limits

We find here thathe evolutionary change is largasfishing mortalityincreass for all traits
except for growthand trat higher minimum size limits result in lower selective pressure and

less evolution (Fig. S4).

Varying the coefficients of genetic variation and fishing mortality

In the evolutionary version of our model, the coefficient of genetic variation (Gdhldas
been determined empirically byatchingtrends in age and length at maturation over a 74
year period (i.e. from 1932005), ref.(4). The genetic changes emerging from this study are
found to be lower than what has bgerdictedin comparable studies, such as (&f.7) and

ref. (8, 9) These studies assumed a coefficient of genetic variation foaiédl equal to 8%

and 6%, respectively. As a robustness check, we therefore used these higher ceeafficient

15



346 genetic variation (6% and 8%), and performed simulations for different fishamtalities.

347  After fishing with a particularfishing mortality from 1932100 we compare th@mulation

348 endpoints for age at maturation and TAC with our calibrated evolutionary modelaske T
349 S1) and norevolutionary model (all coefficients of genetic variation are equal to 0). As

350 expected, we find that an assumed/,, of 6% and 8%predictsstronger evolutionary

351 responses, expressed in much lower age at maturation in year 2100 (88AFi§s genetic

352 variance increases, the fish mature at a younger age and at a smaljlandiggow also

353 faster. As fishing mortality increases, age at maturation also decline® footlevolutionary

354 model, which is entirely due to phenotypic plasti@hd density dependengeresponse to a

355 lower abundance of the stock. For the case wthereoefficients of genetic variatioare set

356 to 6% and 8 %, we find that for a given fishing mortaliigher TACscan be obtained

357 compared to the models where evolutionary change is weaker or even absent. This finding
358 indicatesthat stronger evolutionarprces tend to have as positive effect on the TAKIs

359 corraborates our earlier finding that evolution towards higher growth tends tordthee

360 positive effects on the fishery.

361
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Figure legends

Fig. Sl. Life-history changes from 1932100in the scenario forHistoric fishingpressure’in the
evolutionary blackline) and norevolutionary model (grey line), corresping to Fig.2 and 3in
the main text (A) Genetic GSI (gonadsomatic index),(B) genetic growth(cm/year) (C)

average gonad weight (kg), afi@) pherotypic growth (cm/year)

Fig. S2. Ratio between spawning stock biomass and total biomass from age 3 ofovatts

scenario historic fishingpressure’in the evolutionary black line) and norevolutionary model

(grey line).

Fig. S3. Simulation edpoints year 2100 for differentcoefficients of genetic variatiofCV)
and different fishing mortalities. Fishing mortalities were applied from 18820. Open
circles arefor CV=6% for all traitsand opersquares aréor CV=8% for all traits while grey
circles are the nemvolutionary model and black circles are the evolutionary model used in
the main tex{Table S1).(A) Age at maturation (years) arB) total allowable catchTAC

(1000 tonnes).

Fig. $4. Simulation endpointgyear=2100)in the evolving lifehistory traitsfor different
minimum size limits and different fishing mortalities. Fishing matitdi were applied from
1932-2100Results apply to the evolutionary mod€ébefficients of genetic variance are the
same as those used in the main textial trait values are shown by the horizontal bold line,
and the arrow shows the direction of evolution. Black lines and circles are foryF=@ad
grey dashed lines and circles are for FA-8 (A) Probabilistic maturation reaction norm,
PMRN intercept (cm)(B) PMRN slope (cm/year),C) genetic gonadgomatic index, GSl,

and(D) genetic growth capacity (cm/year).
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Table S1. Parameter values and data sources for thedomomic model.

Parameters Value Source
Biological model

Initial mean PMRN slope, S, 0.15cm yr! 1
Initial mean PMRN intercept, i 77.4 cm 1
Initial mean reproductive investment, G_SIG 0.15 2
Initial mean growth capacity, gg 11.08 cm 3,4
PMRN width, w 12.88 cm 1
Coefficient of genetic variation in PMRN slope, CV,e 10 % 3
Coefficient of genetic variation in PMRN intercept, CV,; 2% 3
Coefficient of genetic variation in reproductive investment, C 12 9, 3
Coefficient of genetic variation in genetic growth, CV,e 4 % 3
Initial heritability, h” 0.2 5
Strength of density dependence in growth, X 2.08 105 kg™ 3,4
Reproductive investment conversion factor, 0.60241 6
Allometric constant, K 3.210°¢ kg cm~ 4
Allometric exponent, | 3.24 4
Weight-specific oocyte density, D 4.4510° kg™ 7
Maximal growth capacity, 0., 105 cm 3
Stock-recruitment constant, C; 0.7549 kg™ 3,8
Density-dependent stock-recruitment constant, C, -6.0633 kg 3,8
Temperature coefficient in stock-recruitment, C, 0.4241 °C1 9
Natural mortality probability, 1M 0.18 8
Immature fishing probability in spawning-ground pre-1932 0.38 4
Immature fishing probability in feeding-ground pre-1932 0.09 4
Minimume-size limit on feeding grounds 45 cm 4,8
Economic model

Intercept of the demand function, b0 18.88 NOK kg 10
Slope of the demand function, by 1.19 108 NOK kg2 10
Stock-output elasticity o 0.58 10
Effort-output elasticity 0.85 10
Catchability coefficient g 6.17 10~ tonnes'days~' 10
Fixed costs per boat c, 1.55 106 NOK 10
Variable costs per boat ¢, 131.6 NOK tonnes-'days™ 10
Optimal number of tonnage days, € 66,712 tonnes days 10

Sources: 1= (4, 12); 2= (17); 3= (4); 4= IMR data for NEA cod. Survey data on growth from 1932-2009,
provided by M.Heino; allometric data from survey 1999-2007, provided by O. R. Kjesbu; data on
fishing mortality and minimum size limit provided by O.R. Godg; 5= (6); 6= (14); 7= (16); 8= (21); 9=12
= PINRO, Murmansk and (22, 23); 10 = (32). Data for the economics: costs and harvests from the
Norwegian Directorate of Fisheries, provided by P. Sandberg; biomass and total landings from ICES
(21); demand function from Statistics Norway and Directories of fisheries. Economic values have been
inflation corrected using the producer price index from the OECD, with year 2000 as a baseline. The

exchange rate is 1 USD = 5.6 NOK.



Table S2. Mean values corresponding to the historic fishingssurecorresponding to Figurg.
Averages offishing mortality §), total allowablecatch (TAC), total biomass from age 3,
spawning stock biomass (SSB) are shown wethporal standardeviationin parenthesesrhe

NPV is discounéd at2%.

Model F TAC SSB Biomass NPV
Evolution 0.68 360(95) 267 (365) 1103 (562) 17.8
Ecology 0.68 370(93) 260 (356) 1167 (526) 18.6

Units: F (inst. rate).TAC, biomass an®SB (1000dnne3; NPV (billion USD).



Table S3. Optimal harvest control rule (HCRyith parameter$ max, Bmax, @and corresponding
net present value (NPMpr different discount ratesb), 0, 2 and 4%Averages offishing
mortality (F), total allowablecatch (TAC), spawningstock biomass (SSB) are shown with

temporalstandard deviation iparentheses

Model 0 (%) Fmax  Bmax F TAC SSB NPV
Evolution 0 0.33 100 0.33 467(60) 801(163) 96.0
2 034 20 0.34 469 (60) 767 (163) 25.4
4 035 20 0.35 470(60) 735(155) 12.6
Ecology 0 0.33 40 0.33 439 (48) 670(125) 94.7
2 0.35 100 0.35 443(48) 643(118) 253
4 0.36 100 0.36 445(48) 618(114) 12.6

Units: Fmax andF (inst. rate) Bmax, TAC, SSB (1000dnne3; NPV (billion USD).



Table $4. Averages for different constant fishing mortalitis) from 19322100,
showingtotal allowable catchTAC (1000 bnnes) total biomass from age 3 (1000
tonnes), andhet present valueNPV (bill USD) for a discount rate of 2% assumiag
constant pricéNPVcp) and weigltrdependent price@\NPVwp). For comparison we also
show the NPV derived from the model used in the main text. Temporal standard

deviation for TAC and biomass given inparentheses

F Model TAC Biomass NPVce NPVwep NPV

0.2 | Evolution 400 (55) 2686 (375) 25.7 30.5 23.1
0.2 | Non-evolutionary | 375 (42) 2503 (277) 24.6 29.2 23.0
0.4 | Evolution 473 (60) 1779 (216) 27.3 315 252
0.4 | Non-evolutionary | 449 (51) 1711 (178) 26.47 30.8 25.1
0.6 | Evolution 429 (70) 1208 (176) 21.41  23.8 21.6
0.6 | Non-evolutionary | 427 (66) 1246 (164) 22.1 24.8 22.3
0.8 | Evolution 335(90) 800 (191) 13.0 13.9 14.7

0.8 | Non-evolutionary | 354 (85) 889 (176) 151 166  16.7

Units: F (inst. rate) TAC and total biomass (1000 tonneNpPV (billion USD).



Table S5. Net present value (NPV), total allowable ca(@AC), and total biomass

for the minimum size limits 25, 45 and 85 cm across different constant fishing
mortalities £). Values shown for TAC and total biomass (10@@ne$ are averages

for 19322100 withtemporalstandard deviation iparenthesesrhe NPV (bill USD)

is givenfor adiscount rate of 2%.

Minimum size limit (cm)

25 45 85

F | Evolution  Ecology Evolution Ecology | Evolution  Ecology
TAC

0.2| 337(48) 310(34) | 400 (154) 375(42) | 222(50) 215 (54)

0.4| 325(58) 283 (49) | 473 (60) 449 (51) 336 (65) 331 (55)

06| 217(79) 170(79) | 429 (69) 426 (66) 401 (70) 398 (60)

0.8 - - 335 (91) 354 (86) 441 (71) 446 (67)
NPV

0.2 20.7 20.2 23.1 23 13.4 12.9

0.4 16.9 15.5 25.2 25.1 19.1 19.7

0.6 6.4 4.51 21.6 22.3 22.0 22.8

0.8 - - 14.7 16.7 23.6 24.5

Biomass

0.2| 2026 (309) 1852 (221) | 2689 (374) 2505 (276) | 3914 (535) 3833 (479)

0.4 1034 (191) 896 (159) | 1778 (216) 1709 (178) | 3639 (446) 3590 (446)

0.6 | 487 (183) 385 (184) | 1208 (176) 1245 (165) | 3464 (395) 3438 (423)

0.8 - - 798 (193) 888 (178) | 3341 (365) 3324 (382)

Units: F (inst. rate) TAC and total biomass (1000 tonndsRV (billion USD).
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