[ Foopelons
Adaptive Changes in Harvested
Populations: Plasticity and
Evolution of Age and Size at

Maturation

Ernande, B., Dieckmann, U. and Heino, M.

IIASA Interim Report
November 2003




Ernande, B., Dieckmann, U. and Heino, M. (2003) Adaptive Changes in Harvested Populations: Plasticity and Evolution of
Age and Size at Maturation. IIASA Interim Report. IIASA, Laxenburg, Austria, IR-03-058 Copyright © 2003 by the
author(s). http://pure.iiasa.ac.at/7026/

Interim Reports on work of the International Institute for Applied Systems Analysis receive only limited review. Views or
opinions expressed herein do not necessarily represent those of the Institute, its National Member Organizations, or other
organizations supporting the work. All rights reserved. Permission to make digital or hard copies of all or part of this work
for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial
advantage. All copies must bear this notice and the full citation on the first page. For other purposes, to republish, to post on
servers or to redistribute to lists, permission must be sought by contacting repository @iiasa.ac.at


mailto:repository@iiasa.ac.at

International Institute for Tel: +43 2236 807 342
é Applied Systems Analysis Fax: +43 2236 71313

" Schlossplatz 1 E-mail: publications@iiasa.ac.at
[1AS A A-2361 Laxenburg, Austria Web: www.iiasa.ac.at
Interim Report IR-03-058

Adaptive Changes in Harvested Populations:
Plasticity and Evolution of Age and Size at Maturation

Bruno Ernande (ernande@iiasa.ac.at)
Ulf Dieckmann (dieckmann@iiasa.ac.at)
Mikko Heino (mikko.heino@imr.no)

Approved by

Leen Hordjik
Director, IIASA

November 2003

Interim Reports on work of the International Institute for Applied Systems Analysis receive only
limited review. Views or opinions expressed herein do not necessarily represent those of the
Institute, its National Member Organizations, or other organizations supporting the work.



|[IASA STUDIESIN ADAPTIVE DYNAMICS NO. 77

The Adaptive Dynamics Network at IIASA fosters the develop-
ment of new mathematical and conceptual techniques for under-
standing the evolution of complex adaptive systems.

Focusing on these long-term implications of adaptive processes
in systems of limited growth, the Adaptive Dynamics Network
brings together scientists and institutions from around the world
with IIASA acting as the central node.

ADN Scientific progress within the network is collected in the IIASA
Studies in Adaptive Dynamics series.

No. 1 Metz JAJ, Geritz SAH, Meszéna G, Jacobs FJA, v&io. 11 Geritz SAH, Metz JAJ, Kisdi E, Meszéna Ghe Dy-
Heerwaarden JSAdaptive Dynamics: A Geometrical Studynamics of Adaptation and Evolutionary BranchingllASA

of the Consequences of Nearly Faithful ReproductidASA  Working Paper WP-96-077 (1996). Physical Review Letters
Working Paper WP-95-099 (1995). van Strien SJ, Verduy8:2024-2027 (1997).

Lunel SM (eds): Stochastic and Spatial Structures of Dynami- ) o 3
cal Systems, Proceedings of the Royal Dutch Academy of SbR- 12 Geritz SAH, Kisdi E, Meszéna G, Metz JAEvo-

ence (KNAW Verhandelingen), North Holland, Amsterdarﬁ“tionafy Singular Strategies and the Adaptive_ Growth and
pp. 18(3-231 (1996). gen) Branching of the Evolutionary Tree.llASA Working Paper

WP-96-114 (1996). Evolutionary Ecology 12:35-57 (1998).
No. 2 Dieckmann U, Law R:The Dynamical Theory of Co- . tala V- luti £ Mi
evolution: A Derivation from Stochastic Ecological Processe'é'.o' 13 Heino M, Metz JAJ, Kaitala V:Evolution of Mixed

IIASA Working Paper WP-96-001 (1996). Journal of Mathdviaturation Strategies in Semelparous Life-Histories: The
matical Biology 34:579-612 (1996). ' Crucial Role of Dimensionality of Feedback Environment.

IIASA Working Paper WP-96-126 (1996). Philosophi-
No. 3 Dieckmann U, Marrow P, Law R:Evolutionary Cy- cal Transactions of the Royal Society of London Series B
cling of Predator-Prey Interactions: Population Dynamics an®52:1647-1655 (1997).

the Red QueenllASA Preprint (1995). Journal of Theoreti- ) . )
cal Biology 176:91-102 (1995). No. 14 Dieckmann U: Can Adaptive Dynamics Invade?

IIASA Working Paper WP-96-152 (1996). Trends in Ecol-
No. 4 Marrow P, Dieckmann U, Law REvolutionary Dy- ogy and Evolution 12:128-131 (1997).
namics of Predator-Prey Systems: An Ecological Perspective.

IIASA Working Paper WP-96-002 (1996). Journal of Mathd0- 15 MeszénaG, Czibula |, Geritz SAidaptive Dynam-
matical Biology 34:556-578 (1996). ics in a 2-Patch Environment: A Simple Model for Allopatric

and Parapatric SpeciationlIASA Interim Report IR-97-001
No. 5 Law R, Marrow P, Dieckmann UOn Evolution under (1997). Journal of Biological Systems 5:265-284 (1997).
Asymmetric CompetitionllASA Working Paper WP-96-003

(1996). Evolutionary Ecology 11:485-501 (1997). No. 16 Heino M, Metz JAJ, Kaitala V: The Enigma of

Frequency-Dependent SelectiorllASA Interim Report IR-
No. 6 Metz JAJ, Mylius SD, Diekmann OWhen Does Evo- 97-061 (1997). Trends in Ecology and Evolution 13:367-370
lution Optimize? On the Relation Between Types of Dens(ty998).

Dependence and Evolutionarily Stable Life History Parame- . ) . )
ters. IIASA Working Paper WP-96-004 (1996). No. 17 Hel_no M: Management of Evolving Fls?h Stocks.
IIASA Interim Report IR-97-062 (1997). Canadian Journal

No. 7 Ferriere R, Gatto M: Lyapunov Exponents and theof Fisheries and Aquatic Sciences 55:1971-1982 (1998).

Mathematics of Invasion in Oscillatory or Chaotic Popula- ) ) ) . i i
tions. Theoretical Population Biology 48:126-171 (1995). No. _18 Hel_no M_. Evolution of Mixed Repr_oductlve Strategies
in Simple Life-History ModelsIIASA Interim Report IR-97-

No. 8 Ferriére R, Fox GA:Chaos and Evolution. IASA 063 (1997).

Preprint (1996). Trends in Ecology and Evolution 10:480- i . )
485 (1995). No. 19 Geritz SAH, van der Meijden E, Metz JABvolution-

ary Dynamics of Seed Size and Seedling Competitive Ability.
No. 9 Ferriere R, Michod REThe Evolution of Cooperation [IASA Interim Report IR-97-071 (1997). Theoretical Popu-
in Spatially Heterogeneous PopulationHASA Working Pa- lation Biology 55:324-343 (1999).

er WP-96-029 (1996). The American Naturalist 147:692- .
917 (1996). ( ) No. 20 Galis F, Metz JAJWhy Are There So Many Cichlid

Species? On the Interplay of Speciation and Adaptive Radi-
No. 10 van Dooren TIM, Metz JAJDelayed Maturation in ation. IIASA Interim Report IR-97-072 (1997). Trends in
Temporally Structured Populations with Non-Equilibrium DyEcology and Evolution 13:1-2 (1998).
namics. IASA Working Paper WP-96-070 (1996). Journal
of Evolutionary Biology 11:41-62 (1998).



No. 21 Boerlijst MC, Nowak MA, Sigmund K:Equal Pay No. 37 Gyllenberg M, Metz JAJ:On Fitness in Structured
for all Prisoners/ The Logic of Contrition. IIASA Interim Metapopulations. IASA Interim Report IR-99-037 (1999).
Report IR-97-073 (1997). American Mathematical Societjournal of Mathematical Biology 43:545-560 (2001).

Monthly 104:303-307 (1997). Journal of Theoretical Biolo i ) .
185:28)1-293 (1997). ( ) gKlo. 38 Meszéna G, Metz JABpecies Diversity and Popula-

tion Regulation: The Importance of Environmental Feedback
No. 22 Law R, Dieckmann USymbiosis Without MutualismDimensionality. IIASA Interim Report IR-99-045 (1999).
and the Merger of Lineages in EvolutiodlASA Interim Re-

97 ; ; .39 Kisdi E, Geritz SAH: Evolutionary Branching and

Eg:fdlcl?ngge?izésl I(Blggg)lzzsroi:gggl(ri%ség;the Royal Society é@mpatric Speciation in Diploid PopulationslASA Interim
Report IR-99-048 (1999).

No. 23 Klinkhamer PGL, de Jong TJ, Metz JASex and Size L . .

in Cosexual PlantsIASA Interingeport IR-97-078 (1997). N0- 40 Ylikarjula J, Heino M, Dieckmann UEcology and

Trends in Ecology and Evolution 12:260-265 (1997). Adaptation of Stunted Grqwth in FisHIASA Interim Report
IR-99-050 (1999). Evolutionary Ecology 13:433-453 (1999).

No. 24 Fontana W, Schuster PShaping Space: The Possi- . )

ble and the Attainable in RNA Genotype-Phenotype Mappifg?: 41 Nowak MA, Sigmund K:Games on Grids. IIASA

IASA Interim Report IR-98-004 (1998). Journal of TheoretNterim Report IR-99-038 (1999).  Dieckmann U, Law R,
ical Biology 194:491-515 (1998). Metz JAJ (eds): The Geometry of Ecological Interactions:

Simplifying Spatial Complexity, Cambridge University Press,
No. 25 Kisdi E, Geritz SAH: Adaptive Dynamics in Allele Cambridge, UK, pp. 135-150 (2000).
Space: Evolution of Genetic Polymorphism by Small Muta-

tions in a Heterogeneous EnvironmemtASA Interim Report (Nzg.n?ezs ';ir(;ii:i FEz\’/o’\IAlj;ggdongc;\é\sngtE?\ttlﬁérgi i?ﬂiﬂer‘:al
IR-98-038 (1998). Evolution 53:993-1008 (1999). . ’
( ) ( ) Report IR-99-041 (1999). Dieckmann U, Law R, Metz JAJ

No. 26 Fontana W, Schuster RZontinuity in Evolution: On (eds): The Geometry of Ecological Interactions: Simplifying
the Nature of Transitions.lIASA Interim Report IR-98-039 Spatial Complexity, Cambridge University Press, Cambridge,
(1998). Science 280:1451-1455 (1998). UK, pp. 318-332 (2000).

No. 27 Nowak MA, Sigmund K:Evolution of Indirect Reci- No. 43 Kisdi E, Jacobs FJA, Geritz SAHRed Queen Evo-
procity by Image Scoring/ The Dynamics of Indirect Reclution by Cycles of Evolutionary Branching and Extinction.
procity. 1IASA Interim Report IR-98-040 (1998). NaturellASA Interim Report IR-00-030 (2000). Selection 2:161-
393:573-577(1998). Journal of Theoretical Biology 194:56176 (2001).

574 (1998). .
( ) No. 44 MeszénaG, Kisdi E, Dieckmann U, Geritz SAH, Metz

No. 28 Kisdi E: Evolutionary Branching Under AsymmetricJAJ: Evolutionary Optimisation Models and Matrix Games in
Competition. IIASA Interim Report IR-98-045 (1998). Jour-the Unified Perspective of Adaptive Dynami¢iASA Interim
nal of Theoretical Biology 197:149-162 (1999). Report IR-00-039 (2000). Selection 2:193-210 (2001).

No. 29 Berger U:Best Response Adaptation for Role Gameblo. 45 Parvinen K, Dieckmann U, Gyllenberg M, Metz JAJ:
IIASA Interim Report IR-98-086 (1998). Evolution of Dispersal in Metapopulations with Local Density

. Dependence and Demographic StochasticitASA Interim
No. 30 van Dooren TJM: The Evolutionary Ecology of Report IR-00-035 (2000).

Dominance-Recessivity. IIASA Interim Report IR-98-096
(1998). Journal of Theoretical Biology 198:519-532 (1999)No. 46 Doebeli M, Dieckmann U: Evolutionary Branch-

) , . . ing and Sympatric Speciation Caused by Different Types of
No. 31 Dieckmann U, O'Hara B, Weisser Whe Evolution-  gcqagical Interactions. IIASA Interim Report IR-00-040

ary Ecology of Dispersal. IASA Interim Report IR-98-108 5)  The American Naturalist 156:577-S101 (2000).
(1998). Trends in Ecology and Evolution 14:88-90 (1999).

. . . No. 47 Heino M, Hanski I: Evolution of Migration Rate in
No. 32 Sigmund K:Complex Adaptive Systems and the Evey gatia|ly Realistic Metapopulation ModellIASA Interim

lution of Reciprocation. 1IASA Interim Report IR-98-100 penort |R-00-044 (2000). The American Naturalist 157:495-
(1998). Ecosystems 1:444-448 (1998). 511 (2001).
No. 33 Posch M, Pichler A, Sigmund KThe Efficiency of \, 48 Gyllenberg M, Parvinen K, Dieckmann Bvolution-

Adapting Aspiration Levels. IIASA Interim Report IR-98- .\ 5 jicide and Evolution of Dispersalin Structured Metapop-
103 (1998). Proceedings of the Royal Society London Serﬁ tions. IIASA Interim Report IR-00-056 (2000). Journal

B 266:1427-1435 (1999). of Mathematical Biology 45:79-105 (2002).

No. 34 Mathias A, Kisdi E:Evolutionary Branching and Co- 49 van Dooren TIMThe Evolutionary Dynamics of Di-
existence of Germination StrategiedIASA Interim Report . Phenotypic Overdominance: Emergence Possible, Loss
IR-99-014 (1999). Probable. IIASA Interim Report IR-00-048 (2000). Evolu-
No. 35 Dieckmann U, Doebeli MOn the Origin of Species tion 54: 1899-1914 (2000).

by Sympatric Spemgtlon. IASA Interim Report IR-99-013 5 50 Nowak MA. Page KM, Sigmund KFairness Versus
(1999). Nature 400:354-357 (1999). Reason in the Ultimatum GamellASA Interim Report IR-

No. 36 Metz JAJ, Gyllenberg MHow Should We Define Fit- 00-57 (2000). Science 289:1773-1775 (2000).

ness in Structured Metapopulation Models? Including an ARy, 51 de Feo O, Ferriere RBifurcation Analysis of Pop-

plication to the Calculation of Evolutionarily Stable DiSpersablation Invasion: On-Off Intermittency and Basin Riddling.
Strategies. IASA Interim Report IR-99-019 (1999).  Pro-yaga nterim Report IR-00-074 (2000). International Jour-
ceedings of the Royal Society of London Series B 268:4935“ of Bifurcation and Chaos 10:443-452 (2000)
508 (2001). ' '



No. 52 Heino M, Laaka-Lindberg SClonal Dynamics and No. 64 Hauert C, De Monte S, Hofbauer J, Sigmund\¥il-
Evolution of Dormancy in the Leafy Hepatic Lophozia Silunteering as Red Queen Mechanism for Co-operation in Pub-
vicola. 1IASA Interim Report IR-01-018 (2001). Oikoslic Goods Games. IIASA Interim Report IR-02-041 (2002).
94:525-532 (2001). Science 296:1129-1132 (2002).

No. 53 Sigmund K, Hauert C, Nowak MAReward and Pun- No. 65 Dercole F, Ferriere R, Rinaldi £cological Bistabil-
ishment in Minigames. [IASA Interim Report IR-01-031 ity and Evolutionary Reversals under Asymmetrical Competi-
(2001). Proceedings of the National Academy of Sciencéisn. 1IASA Interim Report IR-02-053 (2002). Evolution
of the USA 98:10757-10762 (2001). 56:1081-1090 (2002).

No. 54 Hauert C, De Monte S, Sigmund K, HofbaueiQs- No. 66 Dercole F, Rinaldi S: Evolution of Cannibalistic
cillations in Optional Public Good Games.lIASA Interim  Traits: Scenarios Derived from Adaptive Dynamic§ASA
Report IR-01-036 (2001). Interim Report IR-02-054 (2002). Theoretical Population Bi-

I 2: -374 (2002).
No. 55 Ferriére R, Le Galliard dnvasion Fitness and Adap- ology 62:365 ( )

tive Dynamics in Spatial Population ModeldIASA Interim  No. 67 Blrger R, Gimelfarb A: Fluctuating Environments
Report IR-01-043 (2001). Clobert J, Dhondt A, Danchin Eand the Role of Mutation in Maintaining Quantitative Genetic
Nichols J (eds): Dispersal, Oxford University Press, pp. 57-%@riation. IIASA Interim Report IR-02-058 (2002). Geneti-
(2001). cal Research 80:31-46 (2002).

No. 56 de MazancourtC, Loreau M, Dieckmann Oan the No. 68 Biirger R:On a Genetic Model of Intraspecific Com-
Evolution of Plant Defense Lead to Plant-Herbivore Mutualpetition and Stabilizing SelectionllASA Interim Report IR-
ism. IIASA Interim Report IR-01-053 (2001). The Americar02-062 (2002). Amer. Natur. 160:661-682 (2002).

Naturalist 158: 109-123 (2001).
( ) No. 69 Doebeli M, Dieckmann USpeciation Along Environ-

No. 57 Claessen D, Dieckmann Wntogenetic Niche Shifts mental Gradients. IASA Interim Report IR-02-079 (2002).
and Evolutionary Branching in Size-Structured PopulationjNature 421:259-264 (2003).

IIASA Interim Report IR-01-056 (2001). Evolutionary Ecol- . . L ) .
ogy Research 4:189-217 (2002). No. 70 Dercole F, Irisson J, Rinaldi ®ifurcation Analysis of

a Prey-Predator Coevolution Model.llASA Interim Report
No. 58 Brandt H: Correlation Analysis of Fitness Land-|R-02-078 (2002).

scapes.lIASA Interim Report IR-01-058 (2001). ] R ) )
No. 71 Le Galliard J, Ferriére R, Dieckmann Uhe Adaptive

No. 59 Dieckmann U:Adaptive Dynamics of Pathogen-Hosbynamics of Altruism in Spatially Heterogeneous Populations.
Interacations.  IASA Interim Report IR-02-007 (2002). |IASA Interim Report IR-03-006 (2003).

Dieckmann U, Metz JAJ, Sabelis MW, Sigmund K (edsj\:‘ ) )

Adaptive Dynamics of Infectious Diseases: In Pursuit of VirNO- 72 Taborsky B, Dieckmann U, Heino M: Unex-

lence Management, Cambridge University Press, Cambridggcted Discontinuities in Life-History Evolution Under Size-
UK, pp. 39-59 (2002). ependent Mortality.  1IASA Interim Report IR-03-004

(2003).
No. 60 Nowak MA, Sigmund K: Super- and Coinfection: ) )
The Two ExtremeslIASA Interim Report IR-02-008 (2002). No. 73 Gardmark A, Dieckmann U, Lundberg PLife-
Dieckmann U, Metz JAJ, Sabelis MW, Sigmund K (eds}istory Evolution in Harvested Populations: The Role of Nat-
Adaptive Dynamics of Infectious Diseases: In Pursuit of Virdiral Predation. IIASA Interim Report IR-03-008 (2003).

lence Management, Cambridge University Press, Cambrid%l 74 Mizera F, Meszena GSpatial Niche Packing, Char-
UK, pp. 124-137 (2002). acter Displacement and Adaptive Speciation Along an En-
No. 61 Sabelis MW, Metz JAJ:Perspectives for Virulence Vironmental Gradient. 1IASA Interim Report IR-03-062
Management: Relating Theory to ExperimeHASA Interim  (2003). Evolutionary Ecology Research 5:363-382 (2003).

Report IR-02-009 (2002). Dieckmann U, Metz JAJ, Sabelﬁo. 75 Dercole F:Remarks on Branching-Extinction Evolu-

MW, Sigmund K (eds): Adaptive Dynamics of Infectious Disfionary Cycles. IIASA Interim Report IR-03-077 (2003).

eases: In Pursuit of Virulence Management, Cambridge U%urnal of Mathematical Biology 47:569-580 (2003).
versity Press, Cambridge, UK, pp. 379-398 (2002).

. . . No. 76 Hofbauer J, Sigmund KEvolutionary Game Dynam-
No. 62 Cheptou P, Dieckmann UThe Evolution of Self- ;.o "} A5 nterim Report IR-03-078 (2003). Bulletin of the

Fertilization in Density-Regulated Populations IIASA In- Ameri ) ; .
. erican Mathematical Society 40:479-519 (2003).
terim Report IR-02-024 (2002). Proceedings of the Royarn y ( )

Society of London Series B 269:1177-1186 (2002). No. 77 Ernande B, Dieckmann U, Heino M:Adaptive

. . . L Changes in Harvested Populations: Plasticity and Evolution
No. 63 Burger R:Additive Genetic Variation Under Intraspe-Of Agg and Size in MaturationlIASA Interim Report IR-03-
cific Competition and Stabilizing Selection: A Two-Loc%58 (2003)

Study. IIASA Interim Report IR-02-013 (2002). Theoret-
ical Population Biology 61:197-213 (2002).

Issues of the IIASA Studies in Adaptive Dynamics series can b&irdd at www.iiasa.ac.at/Research/ADN/Series.html or by
writing to adn@iiasa.ac.at.



Contents

O 111 £ To 1§ [ 1[0 o [P PPPPPRRP 1
N Y (oo (=]l D11t g o1 i o] o I PP P TR PTTPPPPPPO 2
(@) Life cycle angopulation dyNamiCS .......ccouiiieieeeiiiieiieeeeice e e e e e e 2
(D) EVOIULIONAIY trajECIOMES .. ..ot e e e e e e e 4
(c) Harvest mortality anthanagement POlICIES .........ccccoeeeiiiiiiiiiieecee e 5

3. Evolution of Maturation Reaction Norms in Harvested Populations...................... 6
(a) Evolution under state-dependent harvesting............ccooovvvviiiicciiiiie e, 6
(b) Evolution under size-dependent harvesting............ccccuuiiiiiiiiiiiiieeeeee s 7
(c) Differential consequencésr population abundance ............cccccceeeiiiiieeeeeeeeeeeeeeee, 9
(d) Sensitivity of the evolutionary response to harvesting ...........ccccceevvviiiiiiiiiinnee, 10

N B 1Yo 11 [ o ORI 11

APPENTICES ...ttt e e et et e e e e e e e e e e e e 14.........
Appendix A: Population DYNAMICS.......ccciiiiieeeiiiieeeeeeeee e 14
Appendix B: INVASION FItNESS .......coooiiiiiiiiiii e 15
Appendix C: Population BiOMASS ..........cooviiiiiiiiiiiiiiiieee e e ee e eeeaaaaaes 15

RETEIBICES ..o e e 17.......



Abstract

We investigate harvest-induced adaptive changes in age and size at maturation by
modelling both plastic variation and evolutionary trajectories. Harvesting mature
individuals displaces the reaction norm for age and size at maturation toward older ages
and larger sizes and rotates it clockwise, whereas harvesting immature individuals has
the reverse qualitative effect. If both immature and mature individuals are harvested, the
net effect has generally the same trend as when harvesting immature individuals only.
This stems from the sensitivity of thevadutionary response that depends on the
maturity state of harvested individuals, baiso on the type of harvest mortality
(negatively or positively density-dependent, density-independent) and the value of three
life history parameters (natural mortalitypgrth rate, and the trade-off between growth

and reproduction). Evolutiona changes in the maturati reaction norm have strong
repercussions for the mean size and the iden$ harvested individuals that, in most
cases, result in the reduction of biomass — a response that population dynamical
models would overlook. These results highlight the importance of accounting for
evolutionary trends in the long-term managatr exploited living resources and give
qualitative insights as to how to minimize d@iental consequences harvest-induced
evolutionary changes imaturation reaction norms.
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Adaptive Changes in Harvested Populations:
Plasticity and Evolution of Age and Size at Maturation
Bruno Ernande

UIf Dieckmann
Mikko Heino

1. Introduction

Concern has recently grown about the faet the exploitation of living resources not
only entails demographic consequences for the target species but may also induce
adaptive changes in their life history (Stolatsal. 1993; Palumbi 2001; Ashlegt al.
2003). For instance, in commercially exploitish stocks fishing is often the major
source of mortality and hence must bg&pected to induce phenotypic adaptive
responses (Policansky 1993; Conover 20G8y 2000; Stokes & Law 2000; Heino &
Godg 2002).

A central issue when dealing with harvesluced adaptive changes is to distinguish
between their evolutionary and plastomponents (Reznick 1993; Rijnsdorp 1993;
Law 2000). First, harvesting can alter thexgc composition of exploited populations
by removing individuals settively (Sheridan 1995), whicmay result in rapid life
history evolution (Rezniclet al. 1990; Conover & Munch 2002). Second, phenotypic
plasticity allows individuals to quickly spond to harvest-induced alterations of
environmental conditions (Policansky 1993jppel 1995; Rochet 1998; Law 2000). It
has even been suggested that plastiparses may act as buffers against selective
pressures, thus preventing evolutionahyanges (see reviews by Stearns 1982 and
Sultan 1987). Disentangling these two key congmds is particularly important because
of their different management implications: mitigating adverse evolutionary changes
takes many generations, whesgahenotypically plastic responses usually occur within
a single generation (Reznick 1993).

Phenotypic plasticity can be characterized by reaction norms, which in turn are
genetically determined. In other words, gempets code for the set of phenotypes they
plastically express across a given rangeefironments, namely their reaction norm
(Schmalhausen 1949). Because of the high plasbf many life history traits, genetic
or evolutionary changes in exploited pogtidns are best assessed by analysing



modifications in the correspondingaction norms (Rijnsdorp 1993; Grét al. 2003).
By contrast, mere plastic adaptations l#isp expressed phenotypes along the reaction
norm, without changing the reaction norm itself.

Statistical analyses of long-term data freome exploited fish stocks have already
revealed evolutionary changes in reaction norms (@ti#l. 2003; Heinoet al. 2002a,

b). However, once such changes are demonstrated in exploited populations, identifying
the responsible selective pressures besohkey to adjust management practices.
Modelling the evolution of reaction norms thenindispensable: it allows identifying

past selective pressures (mal and harvest-induced) that were responsible for the
observed adaptive changes, and it permits predicting future changes based on current
selective pressures.

This paper investigates the effect lrdrvesting on the evolutionary dynamics of
reaction norms of age and size at mataratAge and size at maturation are important
life history traits influencing survival until maturity, subsequent reproductive effort and
growth, offspring survival, the length ttie reproductive life span, and thus expected
lifetime fecundity (Roff 1992; Stearns 1992). Moreover, ag# size at maturation are
of specific interest in the context of exploited populations: since they affect the age and
size composition of populations and therebeir reproductive potential (most animal
species exhibit size-dependent fecunditygl/ar reproductive success), any change in
these traits might indeed have strorgpercussions for population dynamics and
sustainable harvesting.

2. Model Description

(a) Life cycle and population dynamics

We consider a fairly general life cycle that is divided into three stages — lajvae (
juveniles {), and adults & — connected by three transitions — metamorphosis,
maturation, and reproduction (figurea)l Individuals are distributed along a
heterogeneous environment, which resultgariation in somatic growth. We therefore
characterize environments by their associated length-based growth grat@he
distribution of individuals a@ss environments changes with their life stage. First,
larvae distribute randomly across environtsebecause of limited moving capacity.
After metamorphosisndividuals gain better mobility and thus can actively select their
habitat. We assume that habitat choice occurs just after metamorphosis and that
individuals settle in the chosen habitat for the remainder of their life. Individuals thus
experience different environmisnduring larval and juvenile-adult stages (illustrated by
the thick arrows in figured), which results in a growth trajectory (illustrated by the
thin continuous lines in figureb) characterized by the growth ratgg,g;) in the larval

and juvenile-adult environment.
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Figure 1. (a) Population life cycle. We consider a stage- and age-structured population in a
heterogeneous environment. Individuals pass through three life stages (ljuveniles, and adults) and
experience three transitions (metamorphosis, maturation, and reproduction).afitbigk illustrate the

life cycle of a single individual.bj Somatic growth, metamorphosis, and maturation processvtisro
ratesg;, g, andg, apply during the larval, juvenile, and adult stages, respectively. Shaded areas represent
the bundle of somatic growth trajectories resulting from environmental heterogeimeityiduals
metamorphose when their growth trajectory (thin continuous curve) reaches the fixed size at
metamorphosiss (dashed horizontal line), and maturation occurs at the paiyg,( where the growth
trajectory crosses the momation reaction normS, (thick continuous curve). Thus, individuals
metamorphose at different ages (but at fixed sjzand mature at different ages and sizgss).

Length growth is supposed to be linear with age, with length affecting fecundity and
(potentially) mortality. Larae metamorphose into juveniles when they reach a fixed
size thresholds, (figure Ib). By contrast, age,, and sizes, at maturation are plastic
as described by the maturation reaction no@p(a,): maturation occurs when the
juvenile growth curve intersects with the reaction norm (figime Mature individuals
face an energy allocation trade-off between reproduction and somatic growth, captured
by a reduced growth rate after maturatign~= g;1—A). Finally, per capita fecundity
increases in proportion to body weighe., to the cube of body length).

For many species, the larval stage is a critical period in terms of mortality and is
largely responsible for population rédgtion (Charlesworth 1980; Wootton 1998).
Recruitment of new larvae in an environment with growth gates given by a density-
dependent function of Bevert-Holt type with an asymptotic carrying capackfg;) .

Natural mortality rates later in life depend on life stage and are assumed to be density-
independent and given by, m,, and m,. In addition, juveiles and adults may
experience harvest mortality at rabe (referred to as harvest mortality throughout the
rest of the text).

Assuming a certain maturation reaction noi®j(g,), each individual is then
characterized by three state variables: its agand its growth trajectory(g,,g;) .



Somatic growth being deterministic, size and thus stage and fecundity are fully
determined by these state variableserEfiore, a continuousme population model
structured according to the three state varialfleg,,g;) describes the population
dynamics (Appendix A).

(b) Evolutionary trajectories

We describe the evolutionary trajectormfsmaturation reaction norms using adaptive
dynamics theory (Metet al. 1996; Dieckmann 1997; Geri&t al. 1998). Considering a
population of resident indiduals with a reaction norng,, we investigate whether a
mutant with a new reaction nor, can spread and invade in that population. Invasion
by a mutant is possible if its invasion fitheés computed as the expected long-term
per capita growth rate of that mutant inemrvironment set by the resident population, is
positive f(S,,,S,) > 0(Metz et al. 1992; Rancet al. 1994; Ferriére & Gatto 1995; see
derivation of fitness in Appwlix B). We then describe long-term evolution of reaction
norms as a sequence of substitutions during which residents are replaced by mutants
with positive invasion fitness. For any phenotypic trait, and in the assumption of small
mutational steps, the expected rate of ssefuences is proportional to the selection
gradient, the derivative of invasion fitness with respect to the mutant’s trait (Dieckmann
et al. 1995; Dieckmann & Law 1996). For an inferdimensional trig, like a reaction
norm, we must consider thanctional version of a deriti@e to obtain this selection
gradient,

rad (S, 8,) = o 1(S, +20,,8)| . )

=0

whered, is the Dirac delta function peakeda.

Most importantly, the selection griadt determines at any poing, a(, he
direction of evolution relative to ¢hcurrent reaction norm: its value a is positive if
at that age an increase in size at maturaBpns advantageous, and negative if this is
deleterious. The evolution dhe maturation reaction norm eventually stops when the
selection gradient vanishegrad Sm .8, )= 0, for every agea. We refer to these
evolutionary end pointsS. as evolutionarily singular (ES) reaction norms.
Evolutionary singularities presented throughout the rest of the paper are evolutionary
attractors that can be either evawmarily stable (Maynard-Smith 1982) or
evolutionarily unstable ¢scalled evolutionary branching points, Gegtzal. 1998).
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Figure 2. Variation of total harvest mortality with harvestable biomass for threeatftariarvest mortality
types. Negatively density - dependétfB) = H_ ., /(1+c-B) (long - dashed curves), density-independent
H(B) = p (continuous curves), and positively density-depend¢f®) =H,__ -(1—1/(1+c’-B)) (short-
dashed curves) harvest mortalities are presented. For the sake of compaeisopopulation dynamic
begins by harvesting on a previously unharvested population with bioBjader a given scaling factor
H.,.,, different values for initial harvest mortality, are then obtained by adjusting, p, and¢’, such
that H(B,) = H, .

(c) Harvest mortality and management policies

Three management policies for determining annual catches are traditionally
distinguished (Hilborn & Walters 1992). A policy of fixed quotas aims at constant
annual catches, thereby creating negativiénsity-dependent harvest mortality. A
policy of constant harvest mortality figethe proportion of the population that is
harvested, leading to density-independent mortality rate. Finally, a policy of fixed stock
size keeps the biomass of the populationrdfsgvesting constant and, thus, generates
positively density-dependent harvest mortality. Inspired by these classical schemes, we
consider three possible types of harvest mortatt{B) that differ in the way they
relate to harvestable biomass (see figure 2 for detailg)e@atively density-dependent
harvest mortality(which decreases as harvestable biomass increasesgiefisjty-
independent harvest mortalifyvhich is independent of biomass); and (ppsitively
density-dependent harvest mortalfyhich increases with harvestable biomass).

While the management policy determines harvest morteli$) at the level of the
whole population, the distribution of harvesting effort may still be heterogeneous across
environments and result in variations in the locally experienced harvest mantality
particular, harvesting is expected tocéis on environments where individuals are
abundant and/or large. We thussame that the harvesting effortin an environment
with growth rate g is proportional to the local harvestable biom#gg. In
consequence, the local harvest mortality equalg) =n(5(g)) H(B (Appendix C
describes the comption of biomassB and harvesting effort)). Therefore, whatever
the management policy is, harvest mbty is locally density-dependent.



3. Evolution of Maturation Reaction Norms in Harvested
Populations

(a) Evolution under state-dependent harvesting

We first focus on situations in which either the juvenile or the adult part of the
population is harvested, and refer to thesstate-dependent harvesting. This may occur
when the two life stages are physically segregated (resulting, e.g., from the migration of
birds to reproduction areas, or from nursend spawning areas in fish etc.). Such
harvesting obviously modifies the ratio beem juvenile and adult mortality rates.

Starting from the ES reaction norm for an unharvested population, figartes3
show, for the three harvest mortality tgpethe ES reaction norms evolving for
increasing values of initial harvest mortality on adults. The observed effect is
qualitatively the same in all three cases: asdst mortality increases, the ES reaction
norm evolves toward larger ages and sizestammd clockwise, such that faster growing
individuals mature largerna older. In contrast, hagsting on juveniles causes the
reverse outcome: the ES reaction norm ewhmvard lower ages and sizes and turns
counter-clockwise as harvest mortality increases (not illustrated).

We define the sensitivity of the evolutionary response to harvesting as the average
distance between the ES reaction norfos the unharvested and the harvested
population, translating age differences irgze differences according to the mean
growth rate. Sensitivity differs according to the harvest mortality type and the life stage
harvested.

Figure 31 shows that, as expected, sensitivity decreases from negatively to
positively density-dependent harvest mortality with intermediate sensitivity for the
density-independent case. FigumreilBustrates that juvenile harvesting induces greater
evolutionary changes than adult harvesting.

Furthermore, evolution of maturation reaction norms affects population density and
mean size of individuals, both of whicinfluence the harvestable biomass. As
harvesting is here state-dependent, the pattefife cycle available to harvest shrinks
(maturation occurring at younger and oldeges for juvenile and adult harvesting,
respectively), such that the density andide the biomass of harvestable individuals
diminishes. For juvenile harvesting, the eff®n juvenile biomass is amplified by a
decrease in juvenile mean size due earlier maturation. In contrast, for adult
harvesting, adult mean size increases because individuals mature larger and the trade-off
between reproduction and growshexpressed later. This effect balances the decrease in
adult biomass due to adwction of adult life span.
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Figure 3. Evolution of maturation reaction norms under state-dependent harvesting. In this case, either
juveniles or adults are harvested. Pana)gq (C) present the ES reaction norms under increasing levels

of initial harvest mortality on adults for the three harvest mortality types. In each panel, the initial harvest
mortality, H,, varies from 0 to 0.25 in steps 0.05. After harvesting has started, the harvest nrosglity
change because of density-dependerdeSénsitivity of the evolutionary response to harvest mortality
types and changes in the value of initial harvest mortality. Squares, circles, agkkdrimrrespond to
negatively density-dependent, density-independent, and positivelitys@egendent harvest mortality,
respectively. € Sensitivity of the evolutionary response to harvested life stages and changes in the value
of initial harvest mortality. Squares and circles correspond to density-indepdraateast mortality on
juveniles and on adults, respectively. Other harvest mortality types produce thesalitative results.
Except when specified, parameters for this example and the subsequent ones are set as follow: size at
metamorphosiss, = 5larval carrying capacitk(g) = 25.10, larval natural mortality raten g(3 0,5
juvenile and adult natural mortality rate; g &)m g&) ORarvesting scaling factad =1, trade-

off strength A = 0.5, fecundity scaling factory, = 2.10°, weight scaling factor, = ,1growth rates

g are distributed normallp g(3 N (12.5,40and habitat selection is made randormphyg €9 g .( )

(b) Evolution under size-dependent harvesting

We now focus on managemepblicies that prescribe a minimum harvesting size,
irrespective of maturity state. Only individuals with lengths larger tlsgn are
harvested, leading to size-dependdrdrvesting. The position of the minimum
harvesting size relative to the maturation reaction norm determines whether harvest
mortality mostly affects only adks or both juveniles and adults.

Figures 4 to 4 depict, for the three harvest mortality types, the ES reaction norms
for increasing values of initial harvest mortality and increasing minimum harvesting
size. Again, implications are qualitatively the same for the three types of harvest
mortality. Increasing harvest mortality displaces the ES reaction norm toward lower
ages and sizes while turning it counter-clodeyisuch that faster growing individuals
mature larger and younger. Setting a minimum harvesting size implies that evolutionary
changes almost stop as soon as the ES reaction norm lies §elo®ettings,,, closer
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Figure 4. Evolution of maturation reaction norms under size-dependent harvesting. In thisrdgse, o

individuals larger than the minimum harvesting sigge, , are harvested. Panebs) to (i) show, for the

three harvest mortality types and for increasing minimum harvesting size, the ES reaction norms for
increasing levels of the initial harvest mortality. For negatively densityrdigpé harvest mortality, the
initial harvest mortality,H,, varies from 0 to 0.1 in steps of 0.01. For density-independent harvest

mortality, the initial harvest mortality varies from 0 to 0.5 in steps of 0.05.pBsitively density-

dependent harvest mortality, the initial harvest mortality varies from 0 tm @t@ps of 0.1. Panelp (o

() present the resulting sensitivity curves for the three harvest mortality types. sScuiesles, and

triangles correspond te,;,, = 40, 60, and 80, respectively.



to the initial ES reaction norm thus redutes evolutionary response to harvesting.

This latter result is illustrated by the sensitivity curves presented in figutest#4
Sensitivity levels off as initial harvest mortality reaches values for which the ES
reaction norm lies belovg, . . In addition, the plateau value decreasessgsis set
closer to the initial ES reaction norm. Wan again observe that sensitivity differs
between harvest mortality types: when harvest mortality is negatively density-
dependent, the plateau is reached for lowkregof initial harvest mortality than when
it is positively density-dependent, with the density-independent case giving intermediate
results.

The fact that the maturation reaction norm evolves so as to lie just below the
minimum harvesting size implies a decrease in ages and sizes at maturation if, as in our
example, smin IS established below the maturation reaction norm. Smaller sizes at
maturation induce a decrease in juvenile and adult mean size, reinforced, for adults, by

an earlier expression of the trade-off betwesproduction and growth. In consequence,
the harvestable biomass declines.

(c) Differential consequences for population abundance

Figure 5 illustrates how consequences of evolutionary changes on population abundance
differ across harvest mortality types by depicting changes in mean size, density,
biomass, and harvest mditya over evolutionary time. The variables concern the
harvested part of the population. Befoevolution, the direct ecological (or
demographic) effects of harvesting alreatigninish mean size, density, and biomass
(dots on the vertical axes in figure 5). Haee further changes result from evolution.

As explained above, the maturation reactiommevolves towards lower ages and sizes,

so that mean size decreases over evolutionary time and biomass declines accordingly.
For negatively density-dependent harvest mortality (figued, %he decrease in
harvestable biomass induces an increadaimest mortality. Consequently, the reaction
norm evolves toward even lower ages andssilgading to further decreases in mean
size, density, and, thus, biomass. In catfrior density-independe harvest mortality

(figure 3), harvest mortality stays at a constant value, leading to a smaller decrease in
biomass over evolutionary time. Finally, for positively density-dependent harvest
mortality (figure &), the decrease in biomass induces a weaker harvest mortality, such
that density increases during evolution.isThartly compensates for the reduction of
mean size, so that, over evolutionary time, the decline in biomass is smaller.
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Figure 6. Life history parameters controlling the sensitivity of the evolutionanyarese. In these panels
harvest mortality is density-independent and only affects juvendemfluence of natural mortality rate,
m. In this case, juvenile and adult natural mortality rates are emquak my = ™, and constant across
environments. For any value @i, the harvest mortality is set to 1/3 of juvenile natural mortality rh}e. (
Influence of average growth rat@,. For any value ofg, the coefficient of variation of growth rate
across environments is 0.5, and the harvest mortality applied to juveniles is setdplffilighce of the
trade-off strength between growth and reproductigh, For any value of4, the harvest mortality

applied to juveniles is set to 0.1.

(d) Sensitivity of the evolutionary response to harvesting

Our analysis shows that the sensitivity of the evolutionary response to harvesting is
controlled by three life history parameters (Figure 6). The value of harvest mortality
being fixed, sensitivity increases (i) as the average natural mortality decreases (figu
6a), (i) as the average growth rate increases (figusg &nd (iii) as the trade-off
between growth and reproduction weakens (figucg Blote that natural mortality
influences sensitivity much more strongly than the two other traits. These results imply
that the maturation reaction norms of species characterized by high natural mortality,
slow growth, and a strong trade-off between growth and reproduction are expected to be
relatively immune to harvest-induced ewtbbn, whereas species with low natural
mortality, fast growth, and a weak trade-off should be particularly sensitive.
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4. Discussion

This paper investigates harvest-induced adaptive changes in age and size at maturation
by accounting for both plastic variation and evolutionary responses. We have shown
how harvesting acts as a selective presdig@acing and shaping the reaction norm for

age and size at maturation.

First, the position of the maturation reaction norm is predicted to change according
to the maturity state of harvested indivals. Harvesting mature individuals induces
later ages and larger sizes at maturation, whereas harvesting immature individuals
induces younger ages and smaller six¥ken harvesting both immature and mature
individuals (e.g., by setting a minimum harvesting size below the maturation reaction
norm), the net evolutionary effect is, in most cases, a decrease in ages and sizes at
maturation, because of the higher sensitioitghe evolutionary response to harvesting
of immature individuals. Thesresults generalize those obtained by Law & Grey (1989)
and Heino (1998) for fixed age and size aturgtion to plastically varying age and size
at maturation. It actually appears that plastic variation does not qualitatively modify or
even impede general trends in the evolutionary response of age and size at maturation to
harvesting, contrary to a hypothesis ofteentioned in the classical literature about
phenotypic plasticity (see revievby Stearns 1982 and Sultan 1987).

Second, the shape of the maturation tieacnorm is also mdicted to evolve
according to the maturity state of harvested individuals, turning clockwise when adults
are harvested and counter-clockwise when juveniles are harvested. Again, due to
differential sensitivity, harvesting both adults and juveniles induces the same qualitative
net effect as harvesting juveniles. eThtilting’ in the maturation reaction norm
originates from the distribution of harteg effort across environments. In the
presented model, harvesting is more seveeninronments with high biomass, so that,
on average, fast growing individuals flem from higher harvest mortality. In
consequence, the harvesting pressure bexginenger when moving along the reaction
norm toward higher growth rates. The resulting differential selection pressure along the
reaction norm causes the change in shape. Notice that in our study the ES reaction norm
for unharvested populations is almost @t corresponding to maturation at a fixed
age. It can be shown that this outcome only occurs if, as in our case, natural mortality
does not vary across environments. This is of course not very likely in natural settings
and vertical reaction norms should rardlg observed in the wild. However, this
simplifying assumption allows us to transparently disentangle the effect of harvest
mortality from other effects induced by natural mortality. In addition, it turns out that
the direction of change in the slope of reaction norms is the same whatever the ‘natural’
ES reaction norm (results not shown).

Other limitations of our approadfave to be noted. First, genetic details were traded
off against ecological realism. Therefore, genetic constraints such as the lack of additive
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genetic variance or genetic correlations between different points of the reaction norm, or
between the reaction norm and other life history traits, are not considered. Second, in
order to simplify the analysis, some bialoaj aspects were not considered. Most
importantly, we have ignored potential coengation in somatic growth, which could
arise through density-dependent procesdesrenzen & Enberg 2002), and potential
concomitant harvest-induces@ution of life history traits, such as growth (Conover &
Munch 2002). Both could affect, at least guiatively, the evolution of maturation
reaction norms and its comgeences on population bioma¥ge have also considered
maturation to be deterministic, whereas it is in essence a probabilistic processetHeino
al. 2002a, b). However, results of this study should qualitatively apply to probabilistic
reaction norms, at least when maturation stochasticity is not too large. Finally, the
simplifying assumption of a fixed habitatef metamorphosis may not apply to every
organism. Very mobile species may expage more than two environments during
their life cycle, thus experiencing higher variation in growth trajectories and mortality
histories.

An important feature of the presented model is the use of infinite-dimensional traits,
which are very handy to describe reastinorms, as well as a variety of other
quantitative traits, e.g., growth trajectories and body shape (Kirkpatrick & Heckman
1989; Gomulkiewicz & Kirkpatrick 1992). Anmportant advantage of an infinite-
dimensional description of aetion norms is that it does not artificially constrain them,
allowing any shape to evolve. In this context, it is worth highlighting that maturation at
a fixed age (vertical reaction norm) orafixed size (horizontal reaction norm) only
appear as specific cases in our modelatt,fas soon as both growth and mortality vary
across environments, predicteghction norms imply plasticity in both age and size at
maturation. These results are consistent ittvious theoreticalindings (Stearns &
Crandall 1984; Stearns & KoellE986) and with the fact that both maturation at fixed
age and fixed size are actually rare in nature (Bernardo 1993).

Earlier models of reactiomorm evolution have assumed that one point of the
maturation reaction norm corresponds to a single environment (Stearns & Koella 1986;
Kawecki & Stearns 1993; Berrigan & kKha 1994). Our model overcomes this
simplification by allowing several environmental trajectories and, thus, several growth
and mortality histories, to reach the same point of the reaction norm. This may generate
different or even antagonistic selective pressures that add up to determine the actual
evolution of the reaction norm. Accountingr fthis fact improves the realism of the
model, both in describing ¢hpre-maturation process andpredicting the evolution of
maturation reaction norms.

The repercussions of harvest-inducealetion in maturation reaction norms for
population abundance highlight the need fongidering evolutionary trends in the
responsible long-term management of expd populations. We have shown that the
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mean size and density of individuals ntigthange in the cose of evolutionary
responses, in most cases substantially iedupopulation biomass. Remarkably, this
effect occurs on top of thiemmediate ecological response to harvesting. For instance,
Figure @& shows a decrease in biomass, relatovéhe unharvested situation, of about
45% at ecological equilibrium, whereas the reduction is as large as 85% at evolutionary
equilibrium. Only models that consider both ecological and evolutionary feedback loops
can describe such effects (Metizal. 1992).

Our results provide insight into management options that could be used to mitigate
the evolutionary consequences of harvestifirst, not surprisingly, management
policies that cause harvest mortality to decrease with biomass (i.e., positively density-
dependent harvest mortality), result irsder evolutionary reenses than policies
generating other harvest mortality types. Second, in line with some earlier results (Law
& Grey 1989; Heino 1998), selective hartreg of mature as opposed to immature
individuals is evolutionarily preferable the objective is to avoid evolution towards
earlier maturation. Third, harvesting with a minimum allowable size set such that
immature individuals are mostly belowettsize limit would minimize evolutionary
changes in maturation. The latter restdntradicts a recommendation by Conover &
Munch (2002) who suggested that in ordeptevent harvest-induced decay in somatic
growth, it is the harvesting of the largestlividuals that should be avoided. This
qualitative difference highlights that minimizing selection on one trait might increase
selection on another trait. In the longer tetherefore, models ought to be developed
allowing for an integrative assessment of harvest-induced selection.

To conclude, we highlight ghgeneral relevance of our results for the evolutionary
ecology of maturation reaction norms. First, plasticity in the maturation process does
not act as a buffer against selective pressures arising from changes in the general
mortality regime. Second, position and shay the maturatiomeaction norm depends
on the selectivity of mortality in terms of size and maturity state. Finally, for a given
mortality regime, position and shape of the maturation reaction norm predictably vary
with some key life history characteristics of the harvested species: the average somatic
growth rate and the strength of thade-off between growth and reproduction.
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Appendices

Appendix A: Population Dynamics

The sizes of an individual determines its lifleistory stage. Given a growth trajectory
(9,,9;), the size is itself determined by the ageso that (a) théarval stageextends
from birth to the age at metamorphosiss 8<a, g (wherea, ¢, =5 /g, (b) the
juvenile stageextends from the age at metaplwosis to the age at maturation,
a,(9) < a< a,(9g,g), where the latter is determined by the intersection between the
maturation reaction norr§, and the growth curve, and (c) thdult stagebegins with
maturation,a>am(9g ,9;j )

The sizes(a g, g) of an individual at age and with growth trajectoryg,, g;) is
given by ga at larval stages,+ g;- (@—a,@,)) at juvenile stage, and (g, g;)
+0,- (@ —a,, (9,9 )) at adult stage, witly, = g;- L—-A).

Only adults reproduce, and theactindity or per capita birth rateis proportional to
the cube of body lengtth = , $’, with a scaling factas, .

The death ratél(a,g, g, 1) is given bym § )at larval stagem,(g,)+ (a g, 0 at
juvenile stage, andn,(g;)+ H(a g, N at adult stage, wherm is the natural density-
independent mortality rate arf(a, g;, n)is the harvest mortality rate for an individual of
agea living in an environment with growth ratg, .

Then, the rate of change in the densityof individuals with agea and growth
trajectory(g,, g;) is given by

0 0
5 (@0,.9;) =-5-n(a.g,.9;) -d(@g .g;.Mn(ag.9;).,

with a boundary condition at age=0 and two continuity conditions at age= a, and
a=a,, as follows. Withn(0) denoting the total number of larvae produced in the
population,

n0=]] [b@g.0)n@g.g )kdg, dg, .

an (91.9j)

the boundary condition gives the number of larvae recruited at age 0 for each
environmental trajectory(g,,g;), n(0,9.9 )= k(@) o(g) o(g-) n(0)/(* n(O)where

o(g) is the frequency of endnments with growth rate,, and k(g ) is their larval
carrying capacity. The first continuity condition gives the density of juveniles selecting
habitats with growth ratey, at agea,, n(d ,g ,9;) =n(a; ,9,,9,)p(9,) where p is

the probability distribution describing hatliitelection. The second continuity condition
gives the density of adults at agg, for each environmental trajectorfg,,g;),

n(a, ,g ’gj):n(ar_n 1g|!gj)'
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The population dynamics just defined hae analytical solution. However, at
equilibrium, i.e., when the rate of change in the densitg equal to 0, we can obtain
the stable distributiom” of individuals across ages and growth trajectorieég, ,g i)

n (ag 19]) =n 0.9 19 )exped, (9,)a),

n(ag.9;)=n (a,9.9;,)exp- jdj(a,gj ,n" )da), and

as(9)

n(ag.9;)=n (a,.9.9;)exn- jda(a ,g;.n")da)

an(9.9j)

for larval, juvenile, and adult stage, respectively.

Appendix B: Invasion Fitness

The invasion fitness, i.e., the long-term @apita growth rate of a rare mutant with
reaction normS/, arising in a residenpopulation with reaction norng, that has
reached its population dynamical equilibrium(S,), is extracted from the above
population dynamics, which gives

t(s, s =]]ikb(s, ag.9,) -d(s, ag.g, (SN0

n (S, .ag.9;)n (S,)dadg, dg;,

with K :Ik(gl)o(gl) /(k(g,) +n(0)) dg, .This can be understood as follows. The long-
term per capita growth rate is obtained as the sum over alleagesl growth trajectories
(9,,9;) of the difference between the birth ra¢S| ,a,g ,9;), discounted by the
density-dependent mortality of larvae, and the deathdé®; ,a,9 ,9; N (S, ofan
individual, weighed by the probability distriloh of individuals across ages and growth
trajectoriesn’ (S}, ,a,9,,9,)/A (S,), wheren (S,) is the total number of individuals in
the population. Notice that for the derivation of invasion fithess the mulamgity

n (S,,) can be neglected in density-dependertdcesses because it is supposed rare
when occurring. Notice also that, by defioiti a resident individual has zero invasion
fitness in its own populationf (S,, S,) = 0, since the long-term per capita growth rate
is equal to 0 when the population is at its dynamical equilibrium.

Appendix C: Population Biomass

Assuming that the weight of individualspsoportional to the cubef their body length,
the total biomas® of the harvested part of the population is
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B(n) =) B(g .n)o(g,)dg,

8sup
=a [ [(ag .90 (ag 9, )cadg, dg. .

Anf

where «,, is a scaling factorral the integration boundarie&,, ,a,,,) depend on
harvesting practice. For state-dependent harvesting, they are edadbtb a, (g, g))

if juveniles are harvested, or {@,,(9g,, 9;),+oo) if adults are harvested. For harvesting
with a minimum sizes;,, the boundaries ar¢a (g, d,),+o0), with a (9, g)
denoting the age at which an individual with environmental trajedigryg;) reaches
the minimum sizes . Of course harvest mortality ratg(a, g;, n) only applies to
individuals for whichg,, <a< g,. Harvesting efforty in environmentg; is then
given by

n(g,.n)= B(g, )] Ao, " )dg, .
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