; International Institute for Tel: +43 2236 807 342

Applied Systems Analysis Fax: +43 2236 71313

" Schlossplatz 1 E-mail: publications@iiasa.ac.at

[1ASA A-2361 Laxenburg, Austria Web: www.iiasa.ac.at
Interim Report IR-03-008

Life-history Evolution in Harvested Populations:
The Role of Natural Predation

Anna Gardmark (anna.gardmark@teorekul.lu.se)
UIf Dieckmann (dieckman@iiasa.ac.at)
Per Lundberg (per.lundberg@teorekul.lu.se)

Approved by

Leen Hordijk
Director, [IASA

March 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.



ITASA STUDIES IN ADAPTIVE DYNAMICS

No. 73

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 ITASA acting as the central node.

ADN

No. 1 Metz JAJ, Geritz SAH, Meszéna G, Jacobs FJA, van
Heerwaarden JS: Adaptive Dynamics: A Geometrical Study
of the Consequences of Nearly Faithful Reproduction. 1IASA
Working Paper WP-95-099 (1995). van Strien SJ, Verduyn
Lunel SM (eds): Stochastic and Spatial Structures of Dynami-
cal Systems, Proceedings of the Royal Dutch Academy of Sci-
ence (KNAW Verhandelingen), North Holland, Amsterdam,
pp. 183-231(1996).

No. 2 Dieckmann U, Law R: The Dynamical Theory of Co-
evolution: A Derivation from Stochastic Ecological Processes.
ITASA Working Paper WP-96-001 (1996). Journal of Mathe-
matical Biology 34:579-612 (1996).

No. 3 Dieckmann U, Marrow P, Law R: Evolutionary Cy-
cling of Predator-Prey Interactions: Population Dynamics and
the Red Queen. IIASA Preprint (1995). Journal of Theoreti-
cal Biology 176:91-102 (1995).

No. 4 Marrow P, Dieckmann U, Law R: Evolutionary Dy-
namics of Predator-Prey Systems: An Ecological Perspective.
ITASA Working Paper WP-96-002 (1996). Journal of Mathe-
matical Biology 34:556-578 (1996).

No. 5 Law R, Marrow P, Dieckmann U: On Evolution under
Asymmetric Competition. IIASA Working Paper WP-96-003
(1996). Evolutionary Ecology 11:485-501 (1997).

No. 6 Metz JAJ, Mylius SD, Diekmann O: When Does Evo-
lution Optimize? On the Relation Between Types of Density
Dependence and Evolutionarily Stable Life History Parame-
ters. IIASA Working Paper WP-96-004 (1996).

No. 7 Ferriere R, Gatto M: Lyapunov Exponents and the
Mathematics of Invasion in Oscillatory or Chaotic Popula-
tions. Theoretical Population Biology 48:126-171 (1995).

No. 8 Ferriere R, Fox GA: Chaos and Evolution.  1IASA
Preprint (1996). Trends in Ecology and Evolution 10:480-
485 (1995).

No. 9 Ferriere R, Michod RE: The Evolution of Cooperation
in Spatially Heterogeneous Populations. 1IASA Working Pa-
per WP-96-029 (1996). The American Naturalist 147:692-
717 (1996).

No. 10 van Dooren TIM, Metz JAJ: Delayed Maturation in
Temporally Structured Populations with Non-Equilibrium Dy-
namics. IIASA Working Paper WP-96-070 (1996). Journal
of Evolutionary Biology 11:41-62 (1998).

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

No. 11 Geritz SAH, Metz JAJ, Kisdi E, Meszéna G: The Dy-
namics of Adaptation and Evolutionary Branching. 1IASA
Working Paper WP-96-077 (1996). Physical Review Letters
78:2024-2027 (1997).

No. 12 Geritz SAH, Kisdi E, Meszéna G, Metz JAJ: Evo-
lutionary Singular Strategies and the Adaptive Growth and
Branching of the Evolutionary Tree. 1IASA Working Paper
WP-96-114 (1996). Evolutionary Ecology 12:35-57 (1998).

No. 13 Heino M, Metz JAJ, Kaitala V: Evolution of Mixed
Maturation Strategies in Semelparous Life-Histories: The
Crucial Role of Dimensionality of Feedback Environment.
ITASA Working Paper WP-96-126 (1996). Philosophi-
cal Transactions of the Royal Society of London Series B
352:1647-1655 (1997).

No. 14 Dieckmann U: Can Adaptive Dynamics Invade?
ITASA Working Paper WP-96-152 (1996). Trends in Ecol-
ogy and Evolution 12:128-131 (1997).

No. 15 Meszéna G, Czibula I, Geritz SAH: Adaptive Dynam-
ics in a 2-Patch Environment: A Simple Model for Allopatric
and Parapatric Speciation. 1IASA Interim Report IR-97-001
(1997). Journal of Biological Systems 5:265-284 (1997).

No. 16 Heino M, Metz JAJ, Kaitala V: The Enigma of
Frequency-Dependent Selection. 1IASA Interim Report IR-
97-061 (1997). Trends in Ecology and Evolution 13:367-370
(1998).

No. 17 Heino M: Management of Evolving Fish Stocks.
IIASA Interim Report IR-97-062 (1997). Canadian Journal
of Fisheries and Aquatic Sciences 55:1971-1982 (1998).

No. 18 Heino M: Evolution of Mixed Reproductive Strategies
in Simple Life-History Models. 1IASA Interim Report IR-97-
063 (1997).

No. 19 Geritz SAH, van der Meijden E, Metz JAJ: Evolution-
ary Dynamics of Seed Size and Seedling Competitive Ability.
IIASA Interim Report IR-97-071 (1997). Theoretical Popu-
lation Biology 55:324-343 (1999).

No. 20 Galis F, Metz JAJ: Why Are There So Many Cichlid
Species? On the Interplay of Speciation and Adaptive Radi-
ation. I1IASA Interim Report IR-97-072 (1997). Trends in
Ecology and Evolution 13:1-2 (1998).



No. 21 Boerlijst MC, Nowak MA, Sigmund K: Equal Pay
for all Prisoners/ The Logic of Contrition. 1IASA Interim
Report IR-97-073 (1997). American Mathematical Society
Monthly 104:303-307 (1997). Journal of Theoretical Biology
185:281-293 (1997).

No. 22 Law R, Dieckmann U: Symbiosis Without Mutualism
and the Merger of Lineages in Evolution. 1IASA Interim Re-
port IR-97-074 (1997). Proceedings of the Royal Society of
London Series B 265:1245-1253 (1998).

No. 23 Klinkhamer PGL, de Jong TJ, Metz JAJ: Sex and Size
in Cosexual Plants. IIASA Interim Report IR-97-078 (1997).
Trends in Ecology and Evolution 12:260-265 (1997).

No. 24 Fontana W, Schuster P:  Shaping Space: The Possi-
ble and the Attainable in RNA Genotype-Phenotype Mapping.
IIASA Interim Report IR-98-004 (1998). Journal of Theoret-
ical Biology 194:491-515 (1998).

No. 25 Kisdi E, Geritz SAH: Adaptive Dynamics in Allele
Space: Evolution of Genetic Polymorphism by Small Muta-
tions in a Heterogeneous Environment. IIASA Interim Report
IR-98-038 (1998). Evolution 53:993-1008 (1999).

No. 26 Fontana W, Schuster P: Continuity in Evolution: On
the Nature of Transitions. 1IASA Interim Report IR-98-039
(1998). Science 280:1451-1455 (1998).

No. 27 Nowak MA, Sigmund K: Evolution of Indirect Reci-
procity by Image Scoring/ The Dynamics of Indirect Reci-
procity. IIASA Interim Report IR-98-040 (1998). Nature
393:573-577(1998). Journal of Theoretical Biology 194:561-
574 (1998).

No. 28 Kisdi E: Evolutionary Branching Under Asymmetric
Competition. 1IASA Interim Report IR-98-045 (1998). Jour-
nal of Theoretical Biology 197:149-162 (1999).

No. 29 Berger U: Best Response Adaptation for Role Games.
ITASA Interim Report IR-98-086 (1998).

No. 30 van Dooren TIM: The Evolutionary Ecology of
Dominance-Recessivity.  IIASA Interim Report IR-98-096
(1998). Journal of Theoretical Biology 198:519-532 (1999).

No. 31 Dieckmann U, O’Hara B, Weisser W: The Evolution-
ary Ecology of Dispersal. 1IASA Interim Report IR-98-108
(1998). Trends in Ecology and Evolution 14:88-90 (1999).

No. 32 Sigmund K: Complex Adaptive Systems and the Evo-
lution of Reciprocation. IIASA Interim Report IR-98-100
(1998). Ecosystems 1:444-448 (1998).

No. 33 Posch M, Pichler A, Sigmund K: The Efficiency of
Adapting Aspiration Levels. IIASA Interim Report IR-98-
103 (1998). Proceedings of the Royal Society London Series
B 266:1427-1435 (1999).

No. 34 Mathias A, Kisdi E: Evolutionary Branching and Co-
existence of Germination Strategies. 1IASA Interim Report
IR-99-014 (1999).

No. 35 Dieckmann U, Doebeli M: On the Origin of Species
by Sympatric Speciation. IIASA Interim Report IR-99-013
(1999). Nature 400:354-357 (1999).

No. 36 Metz JAJ, Gyllenberg M: How Should We Define Fit-
ness in Structured Metapopulation Models? Including an Ap-
plication to the Calculation of Evolutionarily Stable Dispersal
Strategies. IIASA Interim Report IR-99-019 (1999). Pro-
ceedings of the Royal Society of London Series B 268:499-
508 (2001).

No. 37 Gyllenberg M, Metz JAJ: On Fitness in Structured
Metapopulations. I1IASA Interim Report IR-99-037 (1999).
Journal of Mathematical Biology 43:545-560 (2001).

No. 38 Meszéna G, Metz JAJ: Species Diversity and Popula-
tion Regulation: The Importance of Environmental Feedback
Dimensionality. TIASA Interim Report IR-99-045 (1999).

No. 39 Kisdi E, Geritz SAH: Evolutionary Branching and
Sympatric Speciation in Diploid Populations. 1TASA Interim
Report IR-99-048 (1999).

No. 40 Ylikarjula J, Heino M, Dieckmann U: Ecology and
Adaptation of Stunted Growth in Fish. 1IASA Interim Report
IR-99-050 (1999). Evolutionary Ecology 13:433-453 (1999).

No. 41 Nowak MA, Sigmund K: Games on Grids. 1IASA
Interim Report IR-99-038 (1999).  Dieckmann U, Law R,
Metz JAJ (eds): The Geometry of Ecological Interactions:
Simplifying Spatial Complexity, Cambridge University Press,
Cambridge, UK, pp. 135-150 (2000).

No. 42 Ferriere R, Michod RE: Wave Patterns in Spatial
Games and the Evolution of Cooperation.  IIASA Interim
Report IR-99-041 (1999). Dieckmann U, Law R, Metz JAJ
(eds): The Geometry of Ecological Interactions: Simplifying
Spatial Complexity, Cambridge University Press, Cambridge,
UK, pp. 318-332 (2000).

No. 43 Kisdi E, Jacobs FJA, Geritz SAH: Red Queen Evo-
lution by Cycles of Evolutionary Branching and Extinction.
ITASA Interim Report IR-00-030 (2000).  Selection 2:161-
176 (2001).

No. 44 Meszéna G, Kisdi E, Dieckmann U, Geritz SAH, Metz
JAJ: Evolutionary Optimisation Models and Matrix Games in
the Unified Perspective of Adaptive Dynamics. IIASA Interim
Report IR-00-039 (2000). Selection 2:193-210 (2001).

No. 45 Parvinen K, Dieckmann U, Gyllenberg M, Metz JAJ:
Evolution of Dispersal in Metapopulations with Local Density
Dependence and Demographic Stochasticity. TASA Interim
Report IR-00-035 (2000).

No. 46 Doebeli M, Dieckmann U: Evolutionary Branch-
ing and Sympatric Speciation Caused by Different Types of
Ecological Interactions.  IIASA Interim Report IR-00-040
(2000). The American Naturalist 156:S77-S101 (2000).

No. 47 Heino M, Hanski I: Evolution of Migration Rate in
a Spatially Realistic Metapopulation Model. 1IASA Interim
Report IR-00-044 (2000). The American Naturalist 157:495-
511 (2001).

No. 48 Gyllenberg M, Parvinen K, Dieckmann U: Evolution-
ary Suicide and Evolution of Dispersal in Structured Metapop-
ulations. 1IASA Interim Report IR-00-056 (2000). Journal
of Mathematical Biology 45:79-105 (2002).

No. 49 van Dooren TIM: The Evolutionary Dynamics of Di-
rect Phenotypic Overdominance: Emergence Possible, Loss
Probable. TIASA Interim Report IR-00-048 (2000). Evolu-
tion 54: 1899-1914 (2000).

No. 50 Nowak MA, Page KM, Sigmund K: Fairness Versus
Reason in the Ultimatum Game. IIASA Interim Report IR-
00-57 (2000). Science 289:1773-1775 (2000).

No. 51 de Feo O, Ferriere R: Bifurcation Analysis of Pop-
ulation Invasion: On-Off Intermittency and Basin Riddling.
IIASA Interim Report IR-00-074 (2000). International Jour-
nal of Bifurcation and Chaos 10:443-452 (2000).



No. 52 Heino M, Laaka-Lindberg S: Clonal Dynamics and
Evolution of Dormancy in the Leafy Hepatic Lophozia Sil-
vicola. TIASA Interim Report IR-01-018 (2001).  Oikos
94:525-532 (2001).

No. 53 Sigmund K, Hauert C, Nowak MA: Reward and Pun-
ishment in Minigames.  IIASA Interim Report IR-01-031
(2001).  Proceedings of the National Academy of Sciences
of the USA 98:10757-10762 (2001).

No. 54 Hauert C, De Monte S, Sigmund K, Hofbauer J: Os-
cillations in Optional Public Good Games. 1IASA Interim
Report IR-01-036 (2001).

No. 55 Ferriere R, Le Galliard J: Invasion Fitness and Adap-
tive Dynamics in Spatial Population Models. 1IASA Interim
Report IR-01-043 (2001). Clobert J, Dhondt A, Danchin E,
Nichols J (eds): Dispersal, Oxford University Press, pp. 57-79
(2001).

No. 56 de Mazancourt C, Loreau M, Dieckmann U: Can the
Evolution of Plant Defense Lead to Plant-Herbivore Mutual-
ism. IIASA Interim Report IR-01-053 (2001). The American
Naturalist 158: 109-123 (2001).

No. 57 Claessen D, Dieckmann U: Ontogenetic Niche Shifts
and Evolutionary Branching in Size-Structured Populations.
IIASA Interim Report IR-01-056 (2001). Evolutionary Ecol-
ogy Research 4:189-217 (2002).

No. 58 Brandt H: Correlation Analysis of Fitness Land-
scapes. 1IASA Interim Report IR-01-058 (2001).

No. 59 Dieckmann U: Adaptive Dynamics of Pathogen-Host
Interacations. IIASA Interim Report IR-02-007 (2002).
Dieckmann U, Metz JAJ, Sabelis MW, Sigmund K (eds):
Adaptive Dynamics of Infectious Diseases: In Pursuit of Viru-
lence Management, Cambridge University Press, Cambridge,
UK, pp. 39-59 (2002).

No. 60 Nowak MA, Sigmund K: Super- and Coinfection:
The Twwo Extremes. IIASA Interim Report IR-02-008 (2002).
Dieckmann U, Metz JAJ, Sabelis MW, Sigmund K (eds):
Adaptive Dynamics of Infectious Diseases: In Pursuit of Viru-
lence Management, Cambridge University Press, Cambridge,
UK, pp. 124-137 (2002).

No. 61 Sabelis MW, Metz JAJ: Perspectives for Virulence
Management: Relating Theory to Experiment. 1IASA Interim
Report IR-02-009 (2002). Dieckmann U, Metz JAJ, Sabelis
MW, Sigmund K (eds): Adaptive Dynamics of Infectious Dis-
eases: In Pursuit of Virulence Management, Cambridge Uni-
versity Press, Cambridge, UK, pp. 379-398 (2002).

No. 62 Cheptou P, Dieckmann U: The Evolution of Self-
Fertilization in Density-Regulated Populations . 1IASA In-
terim Report IR-02-024 (2002).  Proceedings of the Royal
Society of London Series B 269:1177-1186 (2002).

No. 63 Biirger R: Additive Genetic Variation Under Intraspe-
cific Competition and Stabilizing Selection: A Two-Locus
Study. ITIASA Interim Report IR-02-013 (2002). Theoret-
ical Population Biology 61:197-213 (2002).

No. 64 Hauert C, De Monte S, Hofbauer J, Sigmund K: Vol-
unteering as Red Queen Mechanism for Co-operation in Pub-
lic Goods Games. IIASA Interim Report IR-02-041 (2002).
Science 296:1129-1132 (2002).

No. 65 Dercole F, Ferriere R, Rinaldi S: Ecological Bistabil-
ity and Evolutionary Reversals under Asymmetrical Competi-
tion. IIASA Interim Report IR-02-053 (2002). Evolution
56:1081-1090 (2002).

No. 66 Dercole F, Rinaldi S: Evolution of Cannibalistic
Traits: Scenarios Derived from Adaptive Dynamics. 11ASA
Interim Report IR-02-054 (2002). Theoretical Population Bi-
ology 62:365-374 (2002).

No. 67 Biirger R, Gimelfartb A: Fluctuating Environments
and the Role of Mutation in Maintaining Quantitative Genetic
Variation. IIASA Interim Report IR-02-058 (2002). Geneti-
cal Research 80:31-46 (2002).

No. 68 Biirger R: On a Genetic Model of Intraspecific Com-
petition and Stabilizing Selection. IIASA Interim Report IR-
02-062 (2002). Amer. Natur. 160:661-682 (2002).

No. 69 Doebeli M, Dieckmann U: Speciation Along Environ-
mental Gradients. IIASA Interim Report IR-02-079 (2002).
Nature 421:259-264 (2003).

No. 70 Dercole F, Irisson J, Rinaldi S: Bifurcation Analysis of
a Prey-Predator Coevolution Model. 1IASA Interim Report
IR-02-078 (2002).

No. 71 Le Galliard J, Ferriere R, Dieckmann U: The Adaptive
Dynamics of Altruism in Spatially Heterogeneous Populations.
ITASA Interim Report IR-03-006 (2003).

No. 72 Taborsky B, Dieckmann U, Heino M:  Unex-
pected Discontinuities in Life-History Evolution Under Size-
Dependent Mortality. ITASA Interim Report IR-03-004
(2003).

No. 73 Gardmark A, Dieckmann U, Lundberg P: Life-
History Evolution in Harvested Populations: The Role of Nat-
ural Predation. TIASA Interim Report IR-03-008 (2003).

Issues of the ITASA Studies in Adaptive Dynamics series can be obtained at www.iiasa.ac.at/Research/ADN/Series.html or by

writing to adn@iiasa.ac.at.



Contents

INEEOAUCTION ...ttt ettt et ettt e e e et e saeeeae 1
Evolutionary Responses to Harvesting in a Single Species .........cccovvveriieneenieenieennnnnne 2
Evolutionary Responses to Harvesting under Density-independent Predation................ 6
Evolutionary Responses to Harvesting under Density-dependent Predation................... 7
Evolutionary Responses to Harvesting in a Two-species Model: Density-dependent
Predation on the Intermediate Age Class ........cceeviieiiiiiiiiieeiieeeceeee e 8
Evolutionary Responses to Harvesting in a Two-species Model: Density-dependent
Predation on the Oldest Age ClIass .......cccuvevuiiiiieiiiiiieie e 11
Evolutionary Responses to Harvesting under Predation with Nonlinear Functional
RESPOMISE ...ttt e ettt e et e e sttt e s e st e e eabeeeeane 14
DDISCUSSION. ...ttt ettt ettt et ettt ettt et e s a e e et e e e at e e bt e sabeeabeeesbeebeesabeanbeeenbeebeesnneas 15
RETEIEINCES ...ttt sttt 18

Appendix 1: Evolutionary invasion analysis for prey-dependent predation on the
INtETMEdIate AZE CLASS ...eeiuviiiiiiiieie ettt st st 20

Appendix 2: Evolutionary invasion analysis for prey-dependent predation on the oldest
AZE CLASS ..ottt ettt ettt e bt e sta e e beenateenbeenaneenreas 21



Abstract

Models and experiments of the evolution of age- and/ or size-at-maturation in response to
population harvesting have consistently shown that selective harvesting of older and larger
individuals can cause earlier maturation. These predictions, however, are all based on
single-species considerations and thus crucially neglect the selective forces caused or
mediated by species interactions. Here we develop simple models of phenotypic evolution
of age-at-first-reproduction in a prey population subject to different types of predation and
harvesting. We show that in the presence of natural predation, the potential evolutionary
response of age-at-first-reproduction to population harvesting is ambiguous: harvesting can
cause either earlier or later maturation depending on the type of predator interaction and its
strength relative to the fishing pressure. The counterintuitive consequences of harvesting
result from the indirect effects that harvesting of a prey population has on the selection
pressure exerted by its natural predator, since this selection pressure itself typically depends
on prey density. If harvest rates are high, the direct selection pressures considered in
classical analyses prevail and harvesting decreases the age-at-first-reproduction, whereas at
lower harvest rates the indirect, interspecifically mediated effects of harvesting can

qualitatively overturn predictions based on simpler single-species models.
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Life-history Evolution in Harvested Populations:
The Role of Natural Predation
Anna Gardmark

Ulf Dieckmann
Per Lundberg

Introduction

The high mortality induced by population harvesting is one of the major environmental
factors that may induce evolutionary change in exploited populations (Law and Grey, 1989;
Brown and Parman, 1993; Stokes e al., 1993; Heino, 1998). Size-selective harvesting, in
particular, can cause adaptive responses in life-history traits related to body size such as
size-at-age and age- and size-at-maturation (Edley and Law, 1988; Reznick et al, 1990;
Conover and Munch, 2002). Population harvesting occurs within commercial fisheries on a
range of species and induces mortality at levels that well exceed natural mortality.
Moreover, fishing mortality is often size-selective, especially when minimum mesh sizes are
enforced. The evolutionary consequences of such large-scale exploitation are therefore a
current concern (e.g., Browman, 2000; Law, 2000; Heino and Gode, 2002). Changes in
size-related life-history traits can have drastic implications for both population persistence
and yields (Edley and Law, 1988; Conover and Munch, 2002), and decreasing age- and size-
at-maturation has already been documented in several exploited populations, such as North
Sea plaice (Plenronectes plattesus), Northeast Arctic cod (Gadus morbua), Baltic cod (Gadus
morbua) and Atlantic cod (Gadus morbuna) (Rijnsdorp, 1993; Jorgensen, 1990; Cardinale and
Modin, 1999; and O’Brien, 1999, respectively). Although it has, so far, usually been
impossible to unequivocally attribute these changes to adaptive responses (notable
exceptions are Rijnsdorp, 1993; Heino et al, 2002; Grift e al. 2003), evolution toward
maturation at younger age and/or smaller size in response to harvesting is consistently
predicted by models (Law and Grey, 1989; Blythe and Stokes, 1993; Brown and Parman,
1993; Heino, 1998) and experiments (Edley and Law, 1988; Conover and Munch, 2002).

Until now, however, models of evolutionary responses to selective harvesting have largely
focused on single species (Law and Grey, 1989; Blythe and Stokes, 1993; Brown and
Parman, 1993; Heino, 1998). Yet, species obviously do not exist in isolation and species
interactions therefore contribute to the selection pressures to which individuals must

respond. This means that adaptive responses to extra mortality such as harvesting may be



counteracted or reinforced by species interactions. Through interactions, the evolving
species can, in turn, affect other species: evolution in one species’ trait can feed back, via its
effects on other species, on its further evolution. Selective forces that are both influencing
and influenced by an evolving species constitute its so-called feedback environment
(Dieckmann, 1997; Heino e al., 1998; Meszéna and Metz, 1999). Its dimension, that is, the
number of variables needed to describe the feedback environment in the dynamics of the
evolving species, is crucial both for the choice of method for evolutionary analysis (Mylius
and Diekmann, 1995) and for understanding life-history evolution (e.g., Heino ez a/., 1997).
Incorporating the more complex feedback environment that results from species
interactions into analyses of evolutionary responses to harvesting would be straightforward
if the interspecific effects were independent of the evolving trait. In that case, there would
be no feedback from the evolving species to the interacting species and back, and
consequently the dimension of the feedback environment would not change. Interspecific
selection pressures would then remain constant in the course of evolution. Under such
circumstances there is no qualitative difference between the selection pressure resulting
from natural predation and that resulting from population harvesting, and we simply
recover the conventional predictions of increased mortality causing earlier maturation
(Michod, 1979; Law and Grey, 1989). If, on the other hand, evolution in a focal species’
trait affects its interactions with predators or competitors (for example, if the size-at-age of
prey affects a size-selective predator) interspecific selection pressures become dynamic.
Additional variables are then needed to describe the feedback environment of the focal
species. Thus, the effect of increased mortality in the evolving species depends on the
nature of its interspecific interactions: when these have to be included in the evolutionary
analyses, responses of harvested populations become much harder to predict.

In this paper we study the effects of age-selective harvesting on the evolution of age-at-
first-reproduction in a species that is subject to natural age-specific predation. We show
that for such systems conventional predictions about the evolutionary effects of harvesting
can be qualitatively erroneous and that evolutionary outcomes turn out to be dependent on
details of the predator-prey interaction. Below we develop and analyse models for prey
populations that are subject to (i) only age-selective harvesting, (ii) age-selective harvesting
and predation by a predator not regulated by the prey, or (iii-v) age-selective harvesting and
predation by a prey-dependent predator that feeds selectively on (iii) the youngest prey

individuals, (iv) prey of intermediate age or (v) the oldest prey individuals.

Evolutionary Responses to Harvesting in a Single Species

We divide the harvested population into three age classes, one-year-olds (i =1), two-year-
olds (i =2), and individuals aged three years or older (i =3), all with age-specific survival
probabilities s,and fecundities f,. Individuals can either start to reproduce as two-year-olds

or as three-year-olds (i.e., f, =0). We let the second age class reproduce with a certain



probability. This probability, denoted by y, is the life-history trait or strategy variable we
focus on throughout this paper. It is continuous and can take any value between zero and
one, such that the extremes along this range correspond to maximally delayed () =0) and
expedited reproduction (y=1). In a population that is monomorphic for y=0 all
individuals reproduce first when they have reached the third age class, whereas ) =1 means
that all individuals reproduce already at age two. (Throughout the paper we use the term
age-at-first-reproduction. Since we assume that mature individuals always reproduce, this is
synonymous with the more common term age-at-maturation. For the same reason we also
use the terms delayed or expedited onset of reproduction.) The dynamics of population
densities N, can then be described by

Ny = VN, + N ) A= Ny, (1a)
Ny =N, (1b)
Ny =8,N,, + 55N, 5 (Io)

where time ¢is measured in years and s,and s, are survival probabilities, f,is the fecundity
at age two, f, is the fecundity at age three and older for those individuals that start
reproducing at age two, whereas f;is the fecundity at age three and older for those
individuals that start reproducing at age three. We assume that fecundities and survival are
size-dependent (Roff, 1992). Since we consider a constant size-at-age relationship, this
results in age-specific fecundities and survival probabilities. Eatly reproduction is assumed
to be costly, such that individuals reproducing at age two have a reduced fecundity at age
three and onwards throughout their reproductive lives. The proportional reduction is

measured by a cost 0<c<1,

fi=10-0). @
To allow for population dynamics with stable equilibria without introducing a type of
density-dependence that interferes with the evolving strategy we let the survival s, from
age one to two be density-dependent,

s
= , 3
. 1+mN,, &

where sis the density-independent survival probability and m is a constant that determines
how strongly the survival of one-year-olds depends on density in this age class.

So far, we have only described the dynamics of a population characterised by a fixed life-
history strategy ). Our aim is to find the evolutionarily stable strategy (ESS, Maynard
Smith and Price, 1973) for the probability y of eatly maturation that cannot be invaded by
any other strategy and also is evolutionarily attainable. We denote this strategy y*. For a
quantitative trait under frequency-dependent selection ever to end up at an ESS that
strategy must be attainable through a sequence of small changes in the strategy (Eshel and

Motro, 1981). An ESS that is also attainable in this manner is referred to as a continuously



stable strategy, or CSS (Eshel, 1983). To find the CSS y* we consider the fate of a variant
with probability y'of reproducing at age two appearing in a monomorphic population with
the resident strategy ). Assuming that the evolutionary dynamics in y are slower than the
ecological dynamics in N, the resident population can be assumed to be at its ecological
equilibrium when the variant strategy arises. The variant’s fitness A()/, )) is then given by
the rare variant’s initial population growth rate in the equilibrium environment determined
by the resident strategy ) (following the definition of ‘invasion fitness’, Metz ef al., 1992).
If this invasion fitness exceeds one, the variant can invade the resident strategy and, but for
exceptional circumstances, it also replaces the resident, thereby itself becoming the new
resident (Geritz et al. 2002). To find the invasion fitness we thus need to know the
teedback environment created by the resident and experienced by the variant strategy. As
survival in our model is density-dependent, the feedback environment includes not only
any extrinsic abiotic and biotic factors, but also the density of resident individuals.
Including the latter explicitly, and assuming that the variant and the resident strategy share
exposure to all other biotic and abiotic factors, the dynamics of the density N/ of

individuals with the variant strategy )/ is given by

Nig = oy Ny, + f[5(L=cy )Ny, (42)

N! — SNl',t ~ SNll,z (4b)
RN B m(N,, + Nllt) 1+mN,,

N;,t+1 = S2N;,t + SBN;,t b (4(:)

where the approximation in Equation (4b) holds if the variant is rare. The survival of one-
year-olds with the variant strategy then depends only on the density of juvenile individuals
with the resident strategy y,i.e., N,,.
The invasion fitness A()/,))is now given by the dominant eigenvalue of the linear
dynamics in Equations (4). Since we are only interested in whether or not the variant can
invade, we can linearise the third-order polynomial for the eigenvalues A around the
threshold value A=1 by a Taylor expansion. The equilibrium density N, of juvenile
individuals with the resident strategy ) can be obtained from A(y, y)=1. The variant’s
invasion fitness is then given by

V' =P =s5) = fies)) (1= s5) +1, (5)
B=25)(f3s,(L=e) + Loyl =5:)) = fLY (1 =s5)

so that the invasion fitness exceeds one only if the ratio in Equation (5) is positive. Analysis

Ay, p) =

of the denominator shows that it does not influence the sign of the ratio, as long as
fecundity of two-year-olds is low or, when f,is higher, the changes in the evolving trait are
not too large (see caption of Figure 1). Focusing only on the numerator in Equation (5), we
thus conclude that a variant strategy with increased probability of reproducing at age two,
y' >y, can invade if and only if
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Figure 1. Pairwise invasibility plots describing evolution of age-at-first-reproduction in an age-structured
population subject to harvesting, in the absence of natural predation. Signs indicate for which combinations
of the variant and resident probability of reproducing at age two, J/ and J, the rare variant can invade the
established resident population. Two evolutionary patterns are possible: either (a) all individuals delay
reproduction until age three or (b) all individuals start reproducing already at age two. These cases are
distinguished by a threshold value for the fecundity of two-year-olds, given by Inequality (8b). Evolutionary
outcomes are the same for an unharvested population and for a harvested population that is subject to
density-independent predation, with the threshold values then given by Inequalities (6) and (8a), respectively.
(Notice that changes in the sign of the denominator in Equation (5) may result in a small region of negative
invasion fitness in the upper left corner of panel b, which, however, remains without any significance for the
evolutionary outcomes.)

There are thus two possible evolutionarily stable strategies: when Inequality (6) is not
tulfilled the ESS is to always reproduce at age three (y =0), whereas when (6) is fulfilled
the ESS is to always reproduce at age two () =1). These two evolutionary outcomes are
illustrated by the pair wise invasibility plots in Figure 1a and 1b, respectively. Figure 1 also
shows that any successfully invading variant, in turn, can be invaded by a variant even
closer to the evolutionarily stable strategy, which therefore is a continuously stable strategy.
Condition (6) is readily interpreted. It means that the strategy y'=1 of reproducing at age
two is a CSS if and only if the benefit of reproducing early (that is, the fecundity f, of two-
year-olds) exceeds the total costs of early reproduction. An individual that starts
reproducing at age two suffers a reduced fecundity at age three and above (with the
reduction amounting to ¢f;). Since survival in the third age class decreases according to a
geometric series, the average number of years during which the cost ¢f, is experienced is
(1-5;)"". The probability that an individual will survive to reproduce as a three-year-old
(and thus incur this cost of early reproduction) is s,. The right-hand side of Inequality (6)
thus is the expected loss in fecundity affer age 2 resulting from maturing early, whereas the
left-hand side is the expected gain in fecundity @/ age 2 resulting from maturing early. FEarly

maturation evolves when the gain exceeds the loss.

Inequality (6) implies that the higher the cost of early reproduction (c¢), the higher the
fecundity at age two needs to be for early onset of reproduction to be a CSS. And,
similarly, the higher the survival of either two- or three-year olds, the higher the fecundity
of two-year olds needs to be for eatly reproduction to be a CSS. For a given life-history

(e, for given fecundities and natural survival probabilities) decreased survival of the



intermediate or oldest age class (for example, due to population harvesting) makes the
inequality more likely to be fulfilled. Thus, decreased survival favours the onset of

reproductive at age two.

Evolutionary Responses to Harvesting under Density-indepen-
dent Predation

When the evolving population is both harvested and predated, the survival probabilities in
Equation (1) are products of natural survival, 5", survival from harvesting and survival
from predation. If harvesting removes a proportion A of individuals in age class i each
year, the survival from harvesting at age i is given by 1-#4,. If harvesting occurs with a
constant effort, this proportion is density-independent and constant between years.
Similarly, if the predator population removes a proportion of age class ievery year, the
survival from predation in that age class is given by 1- p,. The total survival probability at

age ican then be written as

s, =s" (l=h)1=p,), (7
where the natural survival for age one remains density-dependent as described by Equation
(3). The age-specific per capita mortality due to predation, 0< p, <1, can be (and usually is)
a function of predator density. If this predator density is independent of the densities in the
prey, we can carry out the evolutionary invasion analysis as described above. We thus

obtain that reproducing at age two (y'=1) is a CSS if and only if

1> ¢fss; (1—hy)A — p,y) ) (8a)
1=sy(1=hy)(1=py)
By setting survival from predation to one in Inequality (8a) we recover the condition for a
single-species system, Inequality (6), but now explicitly incorporating the effect of
harvesting,
£, >cf3S;(1_h2) ) (8b)
I=s/(=h,)
Thus, for all age- and size-dependent but density-independent harvest strategies, any
increase in harvesting (h,or h,) favours an earlier age-at-first-reproduction. Considering
p, >0 in Inequality (8a), we see from Inequality (8a) that the effect of density-independent
predation is the same as that of harvesting — evolution towards an earlier onset of
reproduction. Moreover, the adaptive response to population harvesting in this type of
two-species system is the same as in single-species systems: harvesting favours
reproduction at age two. Even when predation and harvesting target different age classes —
for example, if the predator selectively feeds only on two-year-olds and younger prey
(p, =0) while harvesting targets only the oldest individuals (4, =0) — the adaptive
response to harvesting is still fundamentally the same as in the single-species model. These

evolutionary outcomes (late or early onset of reproduction) are illustrated by the pair wise



invasibility plots in Figures la and 1b that correspond, respectively, to cases in which
Inequalities (8) are not fulfilled and fulfilled.

Evolutionary Responses to Harvesting under Density-depen-
dent Predation

The threshold value for f, in Inequality (8a) is only valid when predation is independent of
the prey densities. If the dynamics of the predator instead depends on the prey (e.g., for
growth, reproduction, or survival) the per capita prey mortality from predation varies
directly or indirectly with one or more prey densities. The probability to survive from
predation then becomes a function of those densities, which in turn are functions of the
evolving trait y itself. In other words, the selection pressure from predation then
dynamically depends on the evolving strategy.

In such a situation, we need to specify how the predator density is affected by the prey and
vice versa. The predator’s effect on the prey depends, first, on how the predator’s feeding
rate is influenced by the prey density (functional response), and second, on how a
predation-induced decrease in prey density translates into an increase of predator density
(numerical response). For analytical tractability, we assume these responses to be linear
(type I according to Holling 1959). If the predator feeds on all age classes of the prey with
age-specific attack rates g , converts this energy to reproductive output according to an
efficiency factor g, and experiences density-independent survival with probability /, the

dynamics of the predator population are given by

P

t+1

=gh(a)N,, +a,N,, +a;N;,)+IP, . (92)
and the predation-induced per capita prey mortality in age class i is
p; =ah . (9b)

Since these probabilities are limited to 0< p, <1, the range of predator densities for which
the model is applicable is 0< P, <ming,'. Outside of this range, and already close to its
upper end, non-linear responses — resulting, for example, from a saturation of the
predator’s ingestion with increased prey density — can no longer be ignored.

Combining Equations (9) with Equations (1-3), the equilibrium densities for the three prey
age classes and for the predator can be determined. To bring out the effects of predation
on the different prey age classes as transparently as possible, we focus on cases involving
predation on only one age class at a time. We treat the resulting three fundamental cases in

turn.
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Figure 2. Pairwise invasibility plots describing evolution of age-at-first-reproduction in an age-structured
population subject to harvesting and density-dependent predation on the intermediate age class. Three
evolutionary patterns are possible: (a) all individuals delay reproduction until age three, (b) all individuals start
reproducing already at age two, or (c) fecundities are so high that the predator population grows so large that
no prey survive predation. In the latter case the equilibrium densities of prey and predator undetlying the
evolutionary invasion analysis ate no longer valid. These cases are distinguished by threshold values for the
fecundity of two-year-olds, given by Inequalities (11). The same evolutionary dynamics occur in a harvested
population subject to density-dependent predation on its oldest age class, with the threshold values
distinguishing the different cases then given by Inequalities (12).

In a system with density-dependent predation on only the youngest age class (i.e.,
a, =0,a, =0) the threshold value for f, is exactly the same as in the unpredated case, and
is thus given by Inequality (8b). This is just as expected: all individuals, independently of
whether they start reproducing as two- or three-year-olds, experience the same extra
mortality imposed on the youngest age class during their first year of life. Therefore, the
relative cost and benefits of reproducing eatly or late stays the same and the extra mortality
is not involved in the threshold value for f,. Thus, predation targeting only the youngest

age class has no evolutionary consequences for age-at-first-reproduction.

Evolutionary Responses to Harvesting in a Two-species Model:
Density-dependent Predation on the Intermediate Age Class

When predation only occurs on two-year-olds (i.e., a, =0,a, =0) the viability of the prey
and the predator populations depends on the relationship between the demographic
parameters of prey and predator, including ). The resulting equilibrium densities and
viability conditions are presented in Appendix 1. The evolutionary invasion analysis of this
system reveals that a variant with strategy )/ can invade if any of the three sets of
Inequalities (11) below is fulfilled. If

ch8 and y' <y, 11a
a,gs(1—h)—m(-1) <y (1)

S <

delaying the onset of reproduction to age three is the CSS. Instead, if
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Figure 3. Adaptive dynamics of the probability ) of eatly reproduction in a prey population subject to
predation, in (a and b) predation on the intermediate age class, and in (c) on the oldest age class. Adaptation
occurs by the successful invasion of small random variations (drawn from a uniform random distribution,
0.98y < ) <1.02)) that occur in the probability of early reproduction. The change in ) in the resident
population is proportional to the selection gradient (s = giy:) multiplied by the amount of genetic variation
o
whole population starts reproducing already at age two, ) =1. The speed of adaptation increases with

in the population. (a) Predation causes evolution towards an earlier onset of reproduction. Eventually the

predation, measured by the attack rate a, . (b) If the population (after having reached its continuously stable
probability of maturation at j* =1) is selectively harvested (indicated by grey shading) on the youngest age
class, a delayed onset of reproduction is favoured, ) decreases, and the speed of evolution towards delayed
reproduction increases with the strength of harvesting. (c) Harvesting can also increase the speed of evolution
towards the oldest age class in a population subject to predation on its oldest age class affects the strength of
selection, and thereby the speed of adaptation. Parameters: @, =0, ¢=0.5, f, =10, g=0.5, h, =0,
1=0.8, m=0.01, s, =05, 0. =0.1. @) a, =0, f,=7.5, =0, b, =0, 5, =0.5, 5, =0.5. (b)
a, =001, a,=0, f,=6, h,b=0, 5,=05, 5,=05. (9 a,=0, a,=0.01, f,=4, h =0,
s,=0.8,5,=0.8.
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reproduction at age two is the CSS. Accounting for all viability conditions in Appendix 1,
Inequalities (11a) and (11b) result in the two pair wise invasibility plots shown in Figures 2a
and 2b. These are similar to the cases of no or density-independent predation presented in
Figures 1la and 1b. However, the evolutionary outcome now depends not only on
demographic parameters of the prey, but also on those of the predator. In particular,
increased attack rates, or enhanced growth or survival of the predator cause earlier

reproduction in the prey (Figure 3a).

A third possibility for variant invasion arises if

4,8 and Y >y and y<yp , 11c

> a,gs(l=h)-m(1-1) V= i (1o
where

y=a,g/(f,(a,gs(1=h)—m(=1)) . (11d)

Then variants with a higher probability of early reproduction can still invade, but for y = j
the prey probability to survive predation tends to zero and the model is no longer valid

(Figure 2c). This is because the combination of a very high fecundity of two-year-olds and



a high probability of eatly reproduction results in such high production of prey that the
predator can to grow to very high densities because the predator has density-independent
survival. Thus, the results of this invasion analysis based on a linear functional response are
only applicable for y < p. Population harvesting increases the range for which the model is
valid because harvesting results in less food for the predator.

Inequalities (11) immediately show that harvesting of the youngest age class now tends to
favour a delayed, rather than expedited onset of reproduction (Figure 3b): increased
harvesting makes Inequality (11a) less restrictive and thus causes a bias towards the case
illustrated in Figure 2a. The reason for this counterintuitive effect of harvesting is that
harvesting decreases the interspecific selection pressure. Harvesting of one-year-olds
diminishes the amount of food for the predators, which in turn reduces predator density
and thus predation pressure on the prey population. By weakening the selection pressure
exerted by the predator, harvesting of the prey species thus results in a delayed onset of
reproduction.

Inequalities (11) further show that, with predation on the intermediate age class, harvesting
of the intermediate or oldest age class does not affect the direction of selection, and thus
also does not change the evolutionary outcome. The reason is that such harvesting does
not remove any food from the predator, and therefore has no indirect effect on the age-at-
first-reproduction. Although it does not affect the direction of selection, harvesting of the
oldest age class still influences the strength of selection (Table 1). Harvesting the oldest age
class decreases the strength of selection for older age-at-first-reproduction and increases
the one for younger age-at-first-reproduction, although never to the extent that the

direction of selection changes.

In summary, harvesting of a population subject to predation on its intermediate age class
results in evolutionary responses that are quite different from those in systems with

constant or no predation.
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Table 1. The effect of harvesting on the total strength of selection acting on age-at-first-reproduction in a
predated population, based on the non-linearised selection gradient s =0A'/ 0y . The direction of selection
is given by the sign of §: if § >0 (indicated by +) younger age-at-first-reproduction evolves, whereas if
s <0 (indicated by —) older age-at-first-teproduction evolves. The sensitivity of the strength of selection to
harvesting (defined as a‘s‘ / Oh;) is calculated as an average over the range of ) for 100,000 parameter
combinations that allow for coexistence of prey and predator populations. Parameter values were randomly
drawn from uniform distributions over the biologically feasible range of each parameter. Harvesting either

weakens (w), strengthens (s) or has no effect (0) on the selection pressure.

Selectivity of | Direction
predation of selection | Selectivity of harvesting
Age group 1 Age group 2 Age group 3
+ 79% 0' w 1% s99% s
No predation
- 21% 0' w w 83% s 17%
+ 74% 0' w 2% s 98% s
Age group 1
- 26% 0' w w 74% s 26%
+ 96% w 83% s17% 0’ s
Age group 2
- 4% w 15% s85% 0’ w
+ 57% W w 4% s 96% s
Age group 3
- 43% w 53% s47% w w 67% s 33%

'9s/0h, =0.%0s/0h, =0.

Evolutionary Responses to Harvesting in a Two-species Model:
Density-dependent Predation on the Oldest Age Class

When the predator feeds on the oldest age class (i.e., ¢, =0,a, =0) the equilibrium densities
of all prey age classes and the predator depend on the evolving trait ). The prey age classes
are viable for all values of y, whereas the viability of the predator can be constrained by
low or high limits of y,depending on prey fecundities, as is demonstrated in Appendix 2.

With the same simplifying assumptions as above, a variant with strategy )/ can invade if
any of the three sets of Inequalities (12) below is fulfilled. These inequalities allow for the
three types of evolutionary dynamics, the same types that occur when the intermediate age

group is predated (Figure 2). If the fecundity of two-year-olds is low, such that

£ < cla;g + fym(1-1)) and Y <y, (12a)
asgs(l_hl)
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adaptation causes all individuals to delay first reproduction to age three (Figure 2a). If, on

the other hand, fecundity is higher, such that

c(a;g + fym(1-1))
ags(1=hy)

adaptation causes all individuals to start reproducing as two-year-olds (Figure 2b).

fy > and >y, (12b)

However, if attack rate and survival of the predator are too high, such that

a m
3g>

(A-1) " s(l=h)si(l=hy)

the model is no longer valid for very high fecundity of two-year-olds. That is, if

£, > sy (= hy)asg = f3(0=c)aygs(L = h)s; (1= hy) —m(1 = 1)) and y<y <f/ (12¢)
2 asgs(1=hy)s3 (1= hy) =m(1=1) ’

variants with a higher probability of eatly reproduction can still invade, but the analysis is
no longer valid for y= f/, with pbeing given by Equation (A9) in Appendix 2. This is
because, similar to when there is predation on the intermediate age class, when two-year-
olds have both a very high fecundity and a high probability of reproducing, the production
of prey is so high that the predator population can reach very high densities (due to its
density-independent survival). Thus, our evolutionary invasion analysis based on a linear
functional response is only applicable for y < y. The pair-wise invisibility plots in Figure 2
illustrate the general pattern observed. Notice, however, that for some parameter
combinations there are regions in the pair-wise invisibility plots where either the harvested
population or its predator is no longer viable. These additional cases are found by
comparing Inequalities (12) with the viability conditions in Inequalities (A8) provided in
Appendix 2.
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Figure 4. Overview of how harvesting of the youngest age group (top row) or of the oldest age group
(bottom row) in populations subject to different types of predation affects the direction of selection on the
probability ) of reproducing at age two. The prey population is allowed to stabilise at its evolutionarily stable
probability " before harvesting starts; when fecundity of two-year-olds is low (continuous lines) y* =0
(i.e., the population starts reproducing at age three), whereas when two-year-old fecundity is high (dotted
lines) y* =1 (i.e., the population starts reproducing at age two). The period over which harvesting occurs is
indicated by grey shading, and the harvest intensity can be either intermediate (grey lines) or strong (black
lines). In the absence of predation, or for selective predation on the youngest age group, harvesting of the
oldest age group can cause evolution towards earlier onset of reproduction (panel c), whereas there is no
effect of harvesting of the youngest age group (panel a). If there instead is selective predation on the
intermediate or oldest age group, harvesting of the oldest age group has no effect (panel d), and harvesting of
the youngest age group can cause evolution towards later onset of reproduction (panel d). The schematic
results shown here are based on simulations of the type presented in Figure 3.

The effect of harvesting on the onset of reproduction can be directly assessed from
Inequalities (12): harvesting of the youngest age class now favours adaptation towards later
onset of reproduction (Figure 4b), whereas harvesting of the intermediate and oldest age
classes has no effect on the direction of selection (Figure 4d). Again, these counter-intuitive
effects of harvesting on the age-at-first-reproduction are due to its impact on the selection
pressure arising from predation. By harvesting the prey population, the predator population
declines and consequently the selection pressure from predation (which alone causes an
earlier onset of reproduction) decreases. When harvesting occurs on the youngest age class
this indirect effect of harvesting is strong enough to revert the direction of selection.
When, instead, any of the two (potentially) reproducing age classes is harvested the indirect
effect is not strong enough to overcome the direct effect of these types of harvesting
(which select for an earlier onset of reproduction), and therefore the direction of selection
remains unaffected by harvesting the intermediate or oldest individuals. The effect of

harvesting on the onset of reproduction in a population predated on its oldest age class
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(Figure 4b and d) is thus strikingly different from harvesting an unpredated population
(Figure 4a and c).

Although harvesting of older individuals does not alter the direction of selection, all types
of harvesting affect the strength of the total selection pressure (Table 1). The effect
depends on the selectivity of both predation and harvesting. Harvesting of the youngest
age class weakens the selection pressure for earlier maturation, sometimes to the extent of
causing an earlier onset of reproduction (Figure 4b). Harvesting of the intermediate or
oldest age class generally increases the strength of selection for younger age-at-first-
reproduction, thereby inducing faster evolution of an early onset of reproduction. Similarly,
such harvesting can also decrease the strength of selection for older age-at-first-
reproduction and thus slow down the evolution of a late onset of reproduction (Figure 3c).
However, compared to when there is no predation or predation only on the youngest age
class, harvesting of the intermediate age class now more often weakens the selection
pressure for younger age-at-first-reproduction. Similarly, when there is predation on the
oldest age class, harvesting of the oldest age class strengthens the selection pressure for
older age-at-first reproduction more often than when there is no predation or predation of
the youngest individuals. As a consequence, harvesting of older individuals speeds up
evolution towards older age-at-first-reproduction, and harvesting of intermediate age class
slows down evolution towards younger age-at-first-reproduction, more often than when
there is no predation, because harvesting weakens the selection for younger age-at-first-

reproduction from predation.

Evolutionary Responses to Harvesting under Predation with
Nonlinear Functional Response

The results presented so far are all based on the assumption of a linear functional response
in the predator. Assuming instead a non-linear functional response of Holling type II, the
prey per capita mortality from predation in age class i and the predator population

dynamics are given by

a.P
L aB (130)
PrTeny en,
P = gF(a)N,, ta,N,, +a;N;,) +IP (13b)
1+b) eN,,

respectively, where b determines how rapidly the predator reaches its maximum intake rate
with increasing prey density and wheree, is the average energy content of a density unit of
prey in age class i.

Assuming again small changes in the evolving trait as above, and exploring the outcomes of
evolution in the reproductive strategy, we find that the qualitative results presented above

hold also for a type II functional response: when there is prey-dependent predation on the
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intermediate or oldest age class harvesting can select for a later start of reproduction. There
is, however, one important difference: for parameters for which the predator’s intake rate
of prey is close to its maximum (that is, the denominator in the equations above is large),
the prey’s mortality from predation is essentially independent of its own density. The
evolutionary responses to predation and harvesting are then the same as when predation is

prey-independent, a case we have already analysed above.

Discussion

Life-history traits that affect reproduction and sexual maturation are modified by various
selection pressures, which are determined by the ecological context of the evolving species.
In this paper we explicitly accounted for a wider ecological context when studying the
evolution of age-at-first-reproduction by including both a density-independent selection
pressure (resulting from harvesting) and a density-dependent selection pressure (exerted by
a predator). Based on simple phenotypic models we have shown that, due to interactions
between these selection pressures, the consideration of a larger feedback environment
results in a wider spectrum of evolutionary responses than previously recognised.
Depending on the relative strength of the density-dependent and -independent selection
pressures, increased density-independent mortality can cause either evolution of earlier
onset of reproduction, as predicted by previous single-species models based on more
limited feedback environments (see, for example, Michod, 1979; Law and Grey, 1989;
Blythe and Stokes, 1993), or evolution of delayed onset of reproduction.

The reversal of harvesting-induced adaptive responses by density-dependent selection
pressures is most apparent when mortality is age-selective. When there is a single source of
density-independent extra mortality and that mortality is age-selective, the only possible
adaptive response in age-at-first-reproduction is towards a younger age-at-first-
reproduction, even if there is an upper age limit to the extra mortality. This is because an
individual cannot avoid ageing, and thus cannot avoid the period of extra mortality — the
only possibility is to reproduce before being killed. For simplicity we have focused on age-
selective mortality. Alternatively, mortality may be size-selective. For example, mortality
due to commercial fishing is often both age- and size-selective (Law 2000). If mortality is
size-selective, an individual can influence the time of exposure to extra mortality through
its body growth. Due to limited resources there is a trade-off between body growth and
reproduction, and the strategy of reproductive onset thus influences an individual’s growth.
After the onset of reproduction, body growth decreases and the time before reaching an
upper size limit to the imposed mortality increases. Therefore, two responses to a single
source of density-independent extra mortality on intermediate sizes are possible: individuals
can either start reproducing at smaller sizes, before being killed, or delay reproduction to
sizes larger than the upper size limit for the mortality, to maintain high body growth rate

and thus rapidly traverse the size ranges exposed to a high mortality risk. This may result in
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alternative evolutionarily stable equilibria, as shown for harvest-induced changes in size-at-
age (Ratner and Lande, 2001). However, also size-specific harvesting could have indirect
effects mediated by prey-dependent species interactions. Further analysis of this commonly
overlooked difference between age-specific and size-specific mortality (but see Roff, 1992)
is particularly important in the context of interacting selection pressures like those
investigated in this paper.

The more diverse range of evolutionary outcomes that results from a more realistic
feedback environment has important implications for assessing the evolutionary effects of
human activities, especially of the large-scale commercial fishing industry that has emerged
throughout the 20" century. It has been shown that harvesting is expected to cause
evolution of earlier maturation (Law and Grey, 1989; Blythe and Stokes, 1993; Heino,
1998). This prediction, however, can only be taken for granted for species that are largely
unaffected by interactions with other species. More specifically, harvesting of old or
intermediate aged individuals always causes earlier maturation if (1) the target species is
ecologically isolated, or (2) the harvesting is overwhelmingly strong relative to any
interspecific effects, or (3) the interacting species are unaffected by the harvested one.
When, by contrast, the interacting species (fully or partially) depends on the harvested
species, as the prey-dependent predator studied here, other adaptive responses to
harvesting become possible.

The density-dependent selection pressures exerted by predation not only mediate the effect
of the density-independent selection pressure from harvesting; they also determine which
types of harvesting affect the evolution of maturation strategies. An important example is
given by a harvesting strategy that targets the youngest age class of a population. Single-
species models suggest that such harvesting has no effect on the evolution of age-at-first-
reproduction, since the probability of surviving the juvenile period is equal for late-
maturing and early-maturing individuals (Mylius and Diekmann, 1995). For harvested
species that are predated the situation is different: harvesting the youngest age class affects
prey-dependent predators, consequently decreases mortality from predation at later ages,
and thereby alters the selection pressures that govern the evolution of age-at-first-
reproduction.

For all these conclusions, the relative magnitude of selection pressures resulting directly
from harvesting and indirectly through interspecific interactions has to be considered. For
example, in many commercially exploited fish species fishing mortalities are so high
(Hutchings, 2000) that the indirect evolutionary effects mediated by interacting species may
be less important. In particular, the two species for which harvesting-induced genetic
changes of declining age- and size-at-maturation have been suggested — North Sea plaice
(Rijnsdorp, 1993) and Northeast Arctic cod (Heino e al, 2002) — are both under heavy
exploitation, with annual catches amounting to about 30% and 50%, respectively, of
available biomass (ICES, 2000).
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Recent concerns about evolutionary consequences of large-scale exploitation in commercial
fisheries (e.g., Browman, 2000; Law, 2000) have focused on empirical demonstrations of
decreased age- and size-at-maturation. Our results show that a decreasing age-at-maturation
is not the only evolutionary effect that can be expected from harvesting when the feedback
environment includes relevant density-dependent mortality factors other than harvesting.
While we here have studied the effect of one such factor, predation, there are several other
density-dependent causes of mortality that could mediate indirect evolutionary effects.
Interspecific competition and cannibalism, common in the commercially important gadoid
populations (Bax, 1998), are two examples.

Evolutionary effects like those discussed in this paper can also result from the interplay of
different types of harvesting. For example, in populations exploited both by highly
specialized and by relatively unselective fishing fleets, the fishing effort in the former
depends on the density of the targeted species, whereas the effort in the latter is essentially
density-independent. Interactions between density-dependent and -independent selection
pressures are also important for understanding life-history responses to changes in factors
other than harvesting, such as climate change or habitat destruction. When looking for, and
explaining, adaptive responses of age- and size-related traits in exploited populations care

needs to be taken to accurately assess the appropriate feedback environment.
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Appendix 1: Evolutionary invasion analysis for prey-dependent
predation on the intermediate age class

In this appendix we consider the case when qg,,a, =0 and a, >0 for a predator that
depends on the prey for its existence and is affected by its density. The prey dynamics are
described by substituting Equations (7) and (9b) into (1-3), while the dynamics of the
predator density are described by Equations (9a). In this system we obtain the following
equilibrium densities:

* l_l

‘= , (Ala)
a,gs(1—h)-m(1-1)

N = 1-1/ ’ (Alb)
a8

N = 0D = fWasgs=h)=m(1=D) (AlQ)

a, f1g(1=cy)a,gs(1=h)—m(1-1))
and

p = (gs(=ly) —mA-D)(/3(1-cy)ss A~ hy) + foy(1 =55 (1~ 1))~ apg(1 =55 (1= 1)) (A2)
@ f3(1=cy)sy (1= hy)(apgs(1=h) =m(1=1))

Substituting Equations (A1), (7) and (9a) into Equations (4) we can derive the invasion
fitness of a variant with a probability )/ of reproducing eatly in a resident population with
probability y,

_ W =n(fa(args—hy)—m1-1)—ayge)(l =53 (1=h3)) N
(1=cy)azg(3 =253 (1=h3)) = fo¥/ (azgs(1=hy) =m(1=1)))

As can be seen from Equations (A1), the equilibrium prey densities, as formally derived,

AL Y) 1- (A3)

can sometimes be negative, which indicates that the prey population is not always viable. In

particular, the youngest age class is only viable if

m a
s(1=h,) ) a 2—gl) ' A9

This means that the youngest age class, and thus the prey population as a whole, is viable if
the density-dependent decrease in prey survival, m, is sufficiently small relative to the
density-independent survival, s(1-4). The limit is set by the level of predation: the higher
the predator’s attack rate, growth rate or survival probability, the weaker the prey’s density-
dependence needs to be for it to survive. As can be seen from the numerator of Equation
(Alc), the oldest age class is only viable if y <y, with y given below (11c). This is because
the survival probability of two-year-olds from predation, (1-a,P), becomes zero for y=j
(see Equations (7) and (9b)). In reality, survival approaches zero asymptotically. In the limit
in which the predator population consumes all prey individuals after their second year (at

y =), so that the oldest age class of the resident population vanishes, it can be shown that
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the predator population will grow exponentially because of the density-independent
survival of the predator population (see Equation (9a)). This can be seen by setting
(1-a,P) and N; in Equations (1)-(3), (7), and (9) to zero, and solving for equilibrium
densities. Thus, the evolutionary invasion analysis is applicable for y <y, when all three

prey age classes and the predator coexist.

Appendix 2: Evolutionary invasion analysis for prey-dependent
predation on the oldest age class

In this appendix we consider the case a,,a, =0, a, >0 for a predator that depends on the

prey for its existence and is affected by its density. The equilibrium densities in this system

arc
_ L =eyym=D(+ £ ys0=h) +ag( = fiysA= 1) = (0= fysA=h)WNA a5y
JAA=eym1=1) = a,g(l= f, (1= ) ++/4)
_ L =eyym =D+ £ 50 =h) +ag( = fiysA = 1) = (0= LiysA=h)NA (x5
2 LVifhA=cpm =) - a,g(1- f,ys(L=h)) +~/4)
= 2(1-)(f,(1 = cp)mU= D)1+ £, ys(L = b)) + a,g (L= fys(L=h)) = (1= foys(1 = k)W A) O
(f(1=epm( =D = a,g(1— £y~ b))+ A f (A= cpym =D +a,g(1- frys(1— k)~ 4), (A50)
and
P = (=aygsi (1= b)) (1= foys(L=h) + s (1= )N A =m(U=1)(f;(1=cPsi (1= hy) +
21,00 = 51 =h)))2a, fyym(1=Ds; (A=) (A6)
where

A= fi(=ey?’m* (1=1)7 +2a,g(1+ [, ys(L=h) fi(L=eyym( =D +a,’g* (1= frys(L=h))*. (AT)

The right-hand sides of Equations (A5) are positive for all biologically feasible parameter
values.

The predator population is viable if its attack rate and survival are high, such that

48 m(l —s5 (1= hy)) , (A8a)
1=1 s(1—=h)s5(-h,)

and if fecundity of two-year-olds is high. When the fecundity of two-year-olds is low, the

predator is viable only for low probability of early reproduction:
fH<fand y<y, (A8b)

where

7= 55 (1= Iy)(a3g(1 =53 (1= 1)) = f3(1 ~c)asgs(l = In)s) (1= ) =m(1 = 1)(1 = 55 (1= 1)))) (A8c)
(1= 55 (1=I3))asgs(1=I)sy (1= Ip) =m(1=1)(1 = 55 (1= 1))
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and
y= s3(1=hy)(azg(1 =55 (1= 13)) = f3(azgs(1 = by)sy (1= hy) =m(1 = 1)1 = 55 (1 - 13)))) . (A8d)
(f2(1=s5 (1= I3)) —cf3s5 (1= ) azgs(1 = hy)sy (1= ly) —m(1 = 1)(1 = 85 (1 - h3)))

or if
fr<h - (A8c)
Instead of going extinct, the predator population can also become too large. When the
fecundity of two-year-olds is high and a large proportion of them are reproducing, such
that )/ >y with
— sy (L=hy)(asg = fi(asgs(L=hy)sy; (1= hy) —m(1 =1))) , (A9)
(fs —cfss; (A=hy))a;gs(1=h)s; (1= hy) —m(1=1))

the probability for prey to survive predation becomes zero in Equation (7), whereas in

>

reality survival approaches zero asymptotically. In the limit where the predator population
consumes all prey individuals after their third year (at y= f/), it can be shown that the
predator population will grow exponentially due to its density-dependent survival (see
Equation (9a)). This can be seen by setting (I-q,2)=0 in Equations (1)-(3), (7), and (9),
noting that N, now only refers to individuals of age three since all the older ones are eaten
by the predator, and by solving for the equilibrium densities. Thus, the evolutionary
invasion analysis is applicable for y< y, when the prey can survive to become older than
three years and coexists with the predator.

All possible ecological outcomes can be found by comparing the viability conditions in
Inequalities (A8) with the thresholds on two-year-old fecundity obtained by solving
0<p<l. The evolutionary outcomes of all these cases are found by comparing the
resulting fecundity thresholds with those in Inequalities (12): in all these cases the
evolutionary outcomes are either the general ones described in Figure 2 or, for some
combinations of fecundity of two-year-olds and of three-year-olds, contain regions of y for
which the probability for three-year-olds to survive from predation becomes zero (such
that the model is no longer applicable) and/or regions of y for which the predator goes

extinct.
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