; 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-03-004

Unexpected Discontinuities in
Life-History Evolution under Size-dependent Mortality
Barabara Taborsky (barbara.taborsky@esh.unibe.ch)

UIf Dieckmann (dieckman@iiasa.ac.at)
Mikko Heino (mikko.heino@imr.no)

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.



|[IASA STUDIESIN ADAPTIVE DYNAMICS NO. 72

The Adaptive Dynamics Network at [1ASA 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 ingtitutions from around the world
with [TASA acting as the central node.

ADN

No. 1 Metz JAJ, Geritz SAH, Meszéna G, Jacobs FJA, van
Heerwaarden JS: Adaptive Dynamics. A Geometrical Sudy
of the Consequencesof Nearly Faithful Reproduction. 1|ASA
Working Paper WP-95-099 (1995). van Strien SJ, Verduyn
Lunel SM (eds): Stochastic and Spatial Structures of Dynami-
cal Systems, Proceedingsof 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 Sochastic Ecological Processes.
IIASA 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|nteractions: Population Dynamicsand
the Red Queen. 11ASA 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.
IIASA 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. [1ASA 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. I1ASA Working Paper WP-96-004 (1996).

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

No. 8 Ferriére R, Fox GA: Chaos and Evolution. [IASA
Preprint (1996). Trendsin Ecology and Evolution 10:480-
485 (1995).

No. 9 Ferriere R, Michod RE: The Evolution of Cooperation
in Spatially HeterogeneousPopulations. [|ASA 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. IASA 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, MeszénaG: The Dy-
namics of Adaptation and Evolutionary Branching. [1ASA
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.  IIASA 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.
IIASA 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?
IIASA Working Paper WP-96-152 (1996). Trends in Ecol-
ogy and Evolution 12:128-131 (1997).

No. 15 MeszénaG, Czibulal, Geritz SAH: Adaptive Dynam-
icsin a 2-Patch Environment: A Simple Model for Allopatric
and Parapatric Speciation. 11ASA 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). Trendsin 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 Sciences55:1971-1982 (1998).

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

No. 19 Geritz SAH, van der Meijden E, Metz JAJ: Evolution-
ary Dynamics of Seed Sze 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
Soecies? On the Interplay of Speciation and Adaptive Radi-
ation. [IASA Interim Report IR-97-072 (1997). Trendsin
Ecology and Evolution 13:1-2 (1998).



No. 21 Boerlijst MC, Nowak MA, Sigmund K: Equal Pay
for all Prisoners/ The Logic of Contrition. [IASA 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 Lineagesin Evolution. [IASA 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: Sexand Sze
in Cosexual Plants. 11ASA Interim Report IR-97-078 (1997).
Trendsin 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
Soace: Evolution of Genetic Polymorphism by Small Muta-
tionsin a HeterogeneousEnvironment. 11ASA 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. [IASA Interim Report |R-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. 1IASA 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. 11ASA Interim Report IR-98-045 (1998). Jour-
nal of Theoretical Biology 197:149-162 (1999).

No. 29 Berger U: Best ResponseAdaptation for Role Games.
I1ASA Interim Report |R-98-086 (1998).

No. 30 van Dooren TIJM: The Evolutionary Ecology of
Dominance-Recessivity.  1IASA Interim Report IR-98-096
(1998). Journal of Theoretical Biology 198:519-532 (1999).

No. 31 DieckmannU, O’'Hara B, Weisser W: The Evolution-
ary Ecology of Dispersal. I1ASA Interim Report IR-98-108
(1998). Trendsin 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.  1IASA Interim Report IR-98-
103 (1998). Proceedingsof the Royal Society London Series
B 266:1427-1435 (1999).

No. 34 MathiasA, 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. 11ASA Interim Report IR-99-013
(1999). Nature 400:354-357 (1999).

No. 36 Metz JAJ, Gyllenberg M: How Should We Define Fit-
nessin Structured Metapopulation Models? Including an Ap-
plication to the Calculation of Evolutionarily Sable Dispersal
Strategies. [IASA 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. 11ASA Interim Report IR-99-037 (1999).
Journal of Mathematical Biology 43:545-560 (2001).

No. 38 Meszéna G, Metz JAJ: SpeciesDiversity and Popula-
tion Regulation: The Importance of Environmental Feedback
Dimensionality. 1IASA Interim Report IR-99-045 (1999).

No. 39 Kisdi E, Geritz SAH: Evolutionary Branching and
Sympatric Speciation in Diploid Populations. 11ASA Interim
Report IR-99-048 (1999).

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

No. 41 Nowak MA, Sigmund K: Gameson Grids. [IASA
Interim Report IR-99-038 (1999). Dieckmann U, Law R,
Metz JAJ (eds): The Geometry of Ecologica 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.  [IASA 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.
IIASA Interim Report IR-00-030 (2000). Selection 2:161-
176 (2001).

No. 44 MeszénaG, Kisdi E, DieckmannU, Geritz SAH, Metz
JAJ: Evolutionary Optimisation Models and Matrix Gamesin
the Unified Per spectiveof Adaptive Dynamics. 1IASA 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 Metapopulationswith Local Density
Dependence and Demographic Sochasticity. 11ASA Interim
Report |R-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.  [IASA Interim
Report IR-00-044 (2000). The American Naturalist 157:495-
511 (2001).

No. 48 Gyllenberg M, Parvinen K, DieckmannU: Evolution-
ary Suicideand Evol ution of Dispersal in Structured Metapop-
ulations. [IASA 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. IIASA Interim Report IR-00-048 (2000). Evolu-
tion 54: 1899-1914 (2000).

No. 50 Nowak MA, Page KM, Sigmund K: Fairness \ersus
Reason in the Ultimatum Game.  I1ASA Interim Report IR-
00-57 (2000). Science289:1773-1775 (2000).

No. 51 de Feo O, Ferriere R: Bifurcation Analysis of Pop-
ulation Invasion: On-Off Intermittency and Basin Riddling.
IIASA Interim Report |R-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 Sl-
vicola. IIASA 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 1R-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. IIASA Interim
Report IR-01-036 (2001).

No. 55 Ferriére R, Le Galliard J: Invasion Fitness and Adap-
tive Dynamicsin Spatial Population Models. [1ASA 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. [IASA 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 Sze-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. 11ASA 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 Two Extremes. IASA 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 Theoryto 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. 11ASA In-
terim Report IR-02-024 (2002).  Proceedings of the Royal
Society of London Series B 269:1177-1186 (2002).

No. 63 Burger R: Additive Genetic Variation Under Intraspe-
cific Competition and Stabilizing Selection: A Two-Locus
Sudy. [IASA 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: \ol-
unteering as Red Queen Mechanismfor Co-operation in Pub-
lic Goods Games. IIASA Interim Report IR-02-041 (2002).
Science 296:1129-1132 (2002).

No. 65 DercoleF, Ferriére R, Rinaldi S: Ecological Bistabil-
ity and Evolutionary Reversalsunder Asymmetrical Competi-
tion. 1IASA 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. [1ASA
Interim Report IR-02-054 (2002). Theoretical Population Bi-
ology 62:365-374 (2002).

No. 67 Burger R, Gimelfarb A: Fluctuating Environments
and the Role of Mutation in Maintaining Quantitative Genetic
Variation. I1ASA Interim Report IR-02-058 (2002). Geneti-
cal Research 80:31-46 (2002).

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

No. 69 Doebeli M, Dieckmann U: Speciation Along Environ-
mental Gradients. [1ASA Interim Report IR-02-079 (2002).
Nature 421:259-264 (2003).

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

No. 71 LeGalliard J, Ferriere R, DieckmannU: The Adaptive
Dynamicsof Altruismin Spatially HeterogeneousPopul ations.
IIASA 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. IHASA Interim Report IR-03-004
(2003).

Issues of the IIASA 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
MOAEL DESCIIPLION ... eivieiieeiiieeite ettt ettt ettt e et e st eteesateesbeessaesaseesseeenseessnesnseennneans 2
Life-hiStory MOdel ........oooiiiiiiie et e 2
Evolutionarily optimal 1ife hiStOTies ........ccceieiiieiiieiieieeieere et 3
MOdE] TEAUCTION. ...ttt ettt et et 4
RESUILS ettt ettt ettt et st e et 5
Common features of optimal life hiStOries ........cccvveeciiieriiieeciieeciee e 5
Influence of primary model parameters on optimal life histories ..........ccccceceveenennnene 7
Influence of secondary model parameters on optimal life histories.............cceeeuueenn. 10
DISCUSSION. ...ttt ettt et ettt et et b et et se e e beestesaeebeeaee 10
Appendix: Optimisation AlgOrithm...........cccoooiiiiiiiieiiiecc e 14

RETEIEIICES .ottt e e e e eeeeeeeeneeeaeneneennnnnnen 16



Abstract

In many organisms survival depends on body size. We investigate the implications of
such size-selective mortality on life-history evolution by introducing and analysing a
new and particularly flexible life-history model with the following key features: the
lengths of growth and reproductive periods in successive reproductive cycles can vary
evolutionarily, the model does not constrain evolution to patterns of either determinate
or indeterminate growth, and lifetime number and sizes of broods are the outcome of
evolutionarily optimal life-history decisions. We find that when size-dependent
mortality is sufficiently strong, small changes in environmental conditions can lead to
abrupt transitions in optimal life histories. Such discontinuous switching results from
antagonistic selection pressures and occurs between strategies of early maturation with
short reproductive periods and late maturation with long reproductive cycles. When
mortality size-selective and the size-independent component is not too high, selection
favours prolonged juvenile growth, thus allowing individuals to reach a mortality refuge
at large body size before the onset of reproduction. When either component of mortality
is then increased, the mortality refuge first becomes unattractive and eventually closes
up altogether, resulting in short juvenile growth and frequent reproduction. Our results
offer a new mechanism for the evolution of life-history dimorphisms.
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Unexpected Discontinuities in
Life-History Evolution under Size-dependent Mortality
Barbara Taborsky

UIf Dieckmann
Mikko Heino

Introduction

Body size strongly influences survival in many organisms. Predation risk and over-
winter survival, for example, may critically depend on body size (e.g. Sogard 1997).
Yet, life-history evolution under size-dependent mortality is still not fully understood.
Body size results from an ontogenetic growth process that, in turn, is influenced by size-
dependent life-history decisions and ecological conditions (reviewed by Roff 1992).
Size-dependent production rates are a key assumption of theoretical studies focusing on
evolutionarily optimal patterns of energy allocation (reviewed by Kozlowski 1992 and
Perrin & Sibly 1993). Consequently, body size has been identified as an important
factor determining life-history decisions in many organisms (e.g. Roff 1992). However,
size-dependent mortality rates have received surprisingly little attention in general
models of life-history evolution. Even though some earlier investigations considered
size-dependent mortality (Sibly et al. 1985; Kozlowski & Wiegert 1987; Vance
1992a,b; Perrin et al. 1993, Heino & Kaitala 1996), its general implications for
evolutionarily stable patterns of growth and reproduction have not yet been
systematically explored.

In this paper we introduce a flexible life-history model to investigate evolutionary
patterns of growth and reproduction when both mortality and production rates can vary
with body size. The model divides the lifetime of an individual into reproductive cycles,
with each cycle comprising a period of somatic growth followed by a period devoted to
reproduction. To avoid confounding interferences between evolving life-history patterns
and those imposed by external influences, we consider non-seasonal environments. The
model presented here is unusually versatile in that it allows the length of growth and
reproduction periods to vary evolutionarily in all reproductive cycles. This flexibility
allows us to encompass potential patterns of determinate and indeterminate growth in a
single model. Also the expected number and size of broods can vary in the course of
life-history evolution. Such generality has not been considered in earlier models, even



though considerable variation in inter-brood periods is well documented in nature (e.g.
Reznick & Endler 1982).

We elucidate the dependence of optimal life-history decisions on the variation of three
ecological factors, the growth potential of the environment, and the magnitude of the
size-independent and size-dependent components of mortality. According to results by
Sibly et al. (1985), Kozlowski & Wiegert (1987), Vance (1992a,b), and Perrin et al.
(1993), gradual variation of these three factors is expected to translate into similarly
gradual changes in evolutionarily optimal life histories. Surprisingly, however, our
model shows that environmental changes of small magnitude may induce large and
abrupt shifts in optimal life histories. Such shifts are associated with transitions from
early maturation and short inter-brood intervals to late maturation and long reproductive
cycles. Although similarly abrupt transitions are well known to occur in many non-
linear dynamical systems (where they are referred to as catastrophic bifurcations; e.g.
Abraham & Shaw 1992). It would appear that the potential for such discontinuities to
prominently affect life-history evolution has previously been overlooked.

Model Description

Life-history model

We focus on organisms whose life history can be divided into alternating, non-
overlapping periods of somatic growth and reproduction. Surplus energy (i.e. energy in
excess of maintenance needs) is fully allocated either to somatic growth or to energy
accrual for a clutch. At the end of each bout of growth and reproduction (hereafter
termed ‘reproductive cycle’) energy invested in reproduction is fully released in form of
offspring. The lengths of the time periods devoted to growth and reproduction are the
evolving life-history variables in our model. No upper limit was imposed on the
duration of these periods. The life-history “decisions” are state-dependent, with
individual state being given by body size. Evidently, the length of the first growth
period, which determines the immature period, cannot be zero. Subsequent growth
periods may have zero lengths; if they are all zero, the growth pattern becomes
determinate and no growth occurs after maturation.

Growth and reproduction. For simplicity, we assume that size at birth is zero. Size is
measured as length and is denoted by s. The weight w of individuals is assumed to
depend on their length according to a general allometric relation,

w=al3¥ ,
where a is a scaling constant and ) is the allometric exponent. Unless otherwise

stated, we assume a cubic relationship between weight and length (y =3). We assume
that growth is linear and occurs with a rate g throughout growth periods. Thus, during a



growth period of length 7, an individual increases its length by g7, . This simple linear
growth model implies that the size-specific weight production rate is g [&r [y3"".
During a reproductive period, all surplus production is allocated to reproduction. The
resulting offspring are released at the end of such a period. Therefore, fecundity F is the
product of this weight production rate and the time 7, invested into energy accrual,
divided by the weight w, of an egg or newborn,

F(s,T,) = @gy‘l T,
wo

Survival. We assume that mortality depends on body length s according to the
following relation,

m(s) =m, +m, [&xp(-s/s,) ,

where the size-dependent mortality rate m(s) is composed of a size-independent
component m, and a size-dependent component. The magnitude of the latter is
determined by m,, while the parameter s, characterizes at which length the size-
dependent component of mortality drops to 1/e =36.8%, relative to its value at size
s =0. The general shape considered for m(s) is well applicable to a variety of
empirically determined dependences of mortality on size (see Discussion). The survival
probability P over a period of time from ¢, to ¢ is now given by

P= exp(—jm(s(t)) dr)

This equation cartlo be simplified because size increments are constant during growth
periods, and no growth occurs during reproductive periods. Thus, survival can be
conveniently expressed in terms of size s at the beginning of a reproductive cycle and
the durations 7, and 7, allocated to growth and reproduction, respectively,

P(5.T,.T,) = exp(- [ m(s + g1)d) Cxp(-m(s + ¢T,)T,) .

where the two factors dgscribe survival during growth and reproductive periods,
respectively. Based on the chosen function m the remaining integral can be solved
analytically. We allow for an additional instantaneous cost of reproduction M, which
can be envisaged as the probability of females dying immediately after releasing their
offspring.

Evolutionarily optimal life histories

We assume that density dependence acts multiplicatively on reproductive success.
Under that assumption, the density of conspecifics does not influence the optimal life-
history decisions of individuals, and the optimal reproductive strategy (corresponding to



an evolutionarily stable strategy or ESS) maximizes expected lifetime reproductive
success (Mylius & Diekmann 1995).

The expected lifetime reproductive success R, is the sum of reproductive output from
all reproductive cycles ¢, with the latter being given by the product of fecundity F. in
cycle ¢ and survival probability P, up to that cycle,

R=YFP
c=1

with

F, =F(s. +gT,

,C’T;l,c) and Pc = (1 _2\4)0_1 I:I_l P(Sc"’Tg,c"];,c') 2
c'=1
where s, is the expected size at the onset of reproductive cycle ¢, and 7, . and T, are
the life-history decisions in cycle c.
The optimisation algorithm used to find the ESS (T, .7, .7, ,.T,,....) based on this

g 1> al>" g2
expression is described in the Appendix.

Model reduction

At first sight, the model described above comprises eight free parameters: @, y, wo, g,
m,, m,, so, and M. To simplify the further analysis, we extract the model’s essential
dimensionless parameters.

We first observe that two of the model parameters have no influence on the ESS: a and
wy influence lifetime reproductive success only multiplicatively, and thus do not affect
the qualitative dependence of R, on the evolving life-history variables. Without
influencing the evolutionary analysis we can thus assume a/w, =1.

Four model parameters specify mortality and growth rates and have the dimensions of
size (so), time™ (m, and m, ), and size X time™! (g). Without any loss of generality, these
four parameters can be combined into two dimensionless ratios,

rn=m$,/g and r,=m,3,/g

By choosing convenient units for size (s,) and time (s,/g ), we can now remove two of
the four parameters: in the chosen units, both s, and s,/g assume the value 1. Hence
increases in 7, can result from a strengthening of the size-independent component of
mortality, from a shallower decrease of mortality with size, and/or from a decrease in
growth potential. Analogously, increasing values of 7, result from a strengthening of
the size-dependent component of mortality, from a shallower decrease of mortality with
size, and/or from a decrease in growth potential.

Thus by varying only three dimensionless parameters (7, r,, and M) the model’s full
range of possible environmental settings can be explored. In addition, the allometric
exponent ) can be altered. For reasons that will become evident in the course of the



further analysis, we refer to 7 and 7, as the model’s primary parameters, and to M and
y as the model’s secondary parameters.

Results

Common features of optimal life histories

Our analysis shows that in all model environments optimal life histories share several
qualitative features. First and most importantly, in any given environment there is an
optimal size: the optimal decision for any individual below this size is to grow to this
optimal size, and the optimal decision of individuals at that size is to stay there. The
optimal size is the same for all reproductive cycles during an individual’s life because
life-history decisions depend on size, but not on age per se. The optimal size is always
reached in one continuous growth period in the first reproductive cycle, and thereby
before the onset of reproduction. No further growth occurs after the first cycle. Hence,
all optimal life histories in our model follow a pattern of determinate growth, even
though we did not a priori constrain the mode of growth in any way.

Second, after attaining the optimal size, reproduction takes place in multiple bouts
separated by periods during which energy is acquired to produce the next clutch. We
thus obtain patterns of iteroparous reproduction, again without any a priori constraints
on the mode of reproduction. Within an individual’s life cycle, the optimal time spent
on the acquisition of energy for reproduction is the same for all reproductive cycles
because reproductive investment always starts out from the same optimal size.
According to these two qualitative features of optimal life histories, the life cycles of
individuals are always divided into two main periods: (i) a pre-reproductive or immature
period during which the optimal size is reached, and (ii) a reproductive or mature
period, consisting of reproductive cycles of equal lengths, during which the lifetime
reproductive success is accrued. In our model, optimal life histories can thus be
described by only two life-history variables: the duration 7; of the first growth period
(T;’l :Tg*, T;ﬁ2 :T;3 =...=0) and the duration 7, of the first and all subsequent
reproductive periods (7, =7, , =...=T, ).

Based on this result, the calculation of lifetime reproductive success can be greatly
simplified. Survival to the end of the first growth period is P, =P(0,T,,0), survival
over one reproductive cycle is P, = P(gT,,0,7,), and fecundity in each cycle is
F,=F(gT,.T,). The lifetime reproductive success of any candidate life history (7,7, )
can hence be evaluated as

Py P F,

RO =& = =
1-(1-M)P,
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Figure 1. Influence of environmental parameters r, and r; on the evolutionarily optimal (a) time invested
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of discontinuous transitions of optimal life-history strategies T, and T , while letters a-d indicate

g
parameter combinations for which fitness landscapes are illustrated in Fig. 2. Other parameters:

M =0.001 and y =3.

The previously arduous optimisation task (see Appendix) is thus reduced to a two-
dimensional problem. Optimal life histories can now be found easily, for example, by
applying Powell’s method (Press et al. 1992). The following results are based on this
simplified algorithm. We first focus on cases in which the cost of reproduction, M, is
small and the allometric exponent y is set to its most likely value at y =3.
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Figure 2. Lifetime reproductive success of all possible life-history strategies with 0.001<T,
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Note the drastic change in the relative magnitude of the two local maxima between panels (c) and (d) that

0.001<T4 <3 for (a) ry= 0.5, r; = 2; (b) ra= 0.2, 7, = 2; (¢) ra = 0.5, 1,
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For low r,, increasing r; leads to a gradual change from life histories with long growth
periods and late maturation towards life histories with short growth periods and early
maturation. For higher r, however, increasing r; results in an unexpected abrupt
transition between life histories with long and with short periods of growth and
reproduction. This discontinuous switch of life-history strategies is accompanied by a
kink in the fitness surface (Fig. lc, black line). Fig. 1d summarizes the established
optimal life histories schematically.
A closer look at the fitness of possible decisions in different sample environments
illustrates what happens at the life-history switch. While for small »; only a single
fitness maximum exists (Fig. 2a,b), two local fitness maxima are present for larger r,.
At the life-history switch (i.e. along the black curve in Fig. 1d), these maxima are of
equal height. For slightly larger r; (above the black curve), life histories with short
periods of growth and reproduction are globally optimal (Fig. 2¢), while for slightly
smaller »; (below the black curve) this applies to long periods of growth and
reproduction (Fig. 2d).
The so-called cusp bifurcation underlying all discontinuities described in this paper is
shown in Fig. 3a. The resultant projection in Fig. 3b highlights the mortality conditions
that allow for two locally optimal life histories (conditions within the grey wedge). To
understand which one of these alternative evolutionary outcomes we should actually
expect to observe in nature, we have to distinguish between two qualitatively different
scenarios:
= [If each candidate life history that is situated between the two local optima
remains present in the system, or if immigrants constantly provide a sufficiently
variable inflow of alternative life histories, or if feasible mutational steps are
large enough, we expect that evolution can always attain the global optimum,
since it ‘samples’ both fitness maxima. Such a population is expected to switch
rapidly to the highest maximum, and such a life-history switch should occur just
at those environmental conditions for which the fitness functions corresponding
to the two local optima intersect (Fig. 3c).

= By contrast, if one assumes that adaptation is gradual and occurs through small
changes in life-history strategies, it is unlikely that a population can track the
globally optimal life history: this would require evolution to pass through a
fitness minimum (grey line in Fig. 3d). Rather, such populations are expected to
adhere to a locally optimal life history (stippled lines in Fig 3d) until it vanishes.
Evolution to the other optimum is thus likely to occur only when, through
ongoing environmental change, the tracked local fitness maximum disappears
(by colliding, in one dimension, with the local fitness minimum, or, in two
dimensions, with a fitness saddle). After such a collision, only the alternative
fitness maximum remains, which the population can then attain through



directional selection, without any longer being impeded by the existence of an
intermediate fitness minimum. Slow environmental change may thus drive a
population’s life history from one fitness maximum to another. If this occurs
repeatedly through environmental fluctuations, the evolutionarily optimal life
history exhibits a hysteresis.

Influence of secondary model parameters on optimal life histories

Above the effects of environmental parameters r; and r; were explored for fixed values
of M (the instantaneous costs of reproduction) and ) (the allometric exponent in the
size-fecundity relationship). The response of optimal life histories towards variation of
rq and r; remains qualitatively the same when M and ) are varied.

Quantitatively, a reduction of the cost M results in shortening of the time invested in
reproduction. At the limit in which the cost approaches zero, reproductive cycles
become infinitely short, i.e. reproduction becomes continuous. Importantly, however,
variation of M leaves the position of the cusp in the r;ri-diagram (Fig. 1, 3a,b)
essentially unaffected.

When decreasing the exponent ), the tendency of evolutionarily optimal growth and
reproductive periods to increase with r;, becomes more pronounced. For y equal to 1,
the cusp leaves the r;-ri-diagram (Fig. 1, 3a,b) at , = 0. The general importance of the
life-history switches highlighted in this paper is underscored by the fact that even for y
smaller than 1 the dependence of life-history decision on the model’s primary
parameters remains discontinuous.

Discussion

Our model predicts discontinuous transitions between dissimilar life histories. We
expect such discontinuities for a wide range of environmental conditions in which size-
dependent components of mortality are sufficiently large and not dominated by size-
independent components. They can occur both for locally adapting populations along
environmental gradients in space and in evolving single populations through
environmental change over time. In the course of transitions, life histories change
abruptly from early maturation with frequent reproduction to late maturation with long
reproductive cycles.

Qualitative jumps of life-history strategies along gradients in non-fluctuating
environments were not observed in previous models of life-history evolution. Outside of
the range of environmental conditions that lead to discontinuous transitions, in
particular when size-dependent mortality is absent or weak, our model agrees with
earlier findings by Kozlowski & Wiegert (1986) in that increasing size-independent
mortality leads to a continuous decrease of immature growth and reproductive periods.
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In a somewhat different context, evolutionary bifurcations were observed in reaction
norms for morphological traits by van Dooren (2001), although this model considered
dynamic environments with temporal oscillations in the fitness optimum, and a time lag
between life-history decisions and their fitness consequences. To our knowledge,
models of life-history evolution allowing for a level of flexibility in life histories similar
to the model introduced here, with reproductive periods of arbitrary length, have not
been analysed before. We have shown that, despite this flexibility, our model comprises
only two salient environmental parameters and only two salient life-history variables,
which provides an attractive compromise between generality and tractability.

The discontinuity predicted by our model may be interpreted biologically as the
outcome of two antagonistic selection pressures: one for early maturation and almost
continuous production of small clutches, and another for late maturation and the
production of a few large clutches. To escape negative size-selective mortality,
individuals may reach a “mortality refuge” by growing quickly to a large body size, i.e.,
without any delay incurred by reproduction. For example, some bivalve species start to
reproduce only after growing to a refuge size at which they are safe from their major
predator (Nakaoka 1998). Increasing levels of size-dependent mortality select for a
prolongation of the initial growth period. At high mortality, however, long initial
growth periods result in very low probabilities to survive to first reproduction.
Eventually, an alternative life-history strategy based on short periods of growth and
reproduction becomes evolutionarily optimal. Especially size-unselective mortality
strongly selects for shorter immature growth periods and smaller sizes at maturation
(Roff 1992; see Reznick et al. 1996 for an empirical example). In other words, in
environments with sufficiently high size-dependent mortality and relatively low size-
independent mortality, divergent selection pressures may create a mortality refuge that
vanishes abruptly when mortality increases.

Evolutionarily optimal life histories as found in our model may be expressed by
different genotypes, each adapted to a different environment, or by a single genotype
exhibiting a reaction norm in response to the conditions of mortality and growth it
actually experiences. In the latter case, populations with a bimodal distribution of life-
history strategies are likely to exist under certain environmental conditions. There are a
number of species which show marked differences in adult size and life history within a
local area, ranging from normal forms to “dwarfs” with stunted growth (reviewed in
Roff 1992). Usually, dwarfs mature earlier and live shorter than individuals with normal
growth (Roff 1992). In some populations of fish (e.g. smelts Osmerus spp., Taylor &
Bentzen 1993; Arctic charr Salvelinus alpinus, Parker et al. 2001; lake whitefish
Coregonus clupeaformis, Trudel et al. 2001) and invertebrates (e.g. red-sea urchin
Strongylocentrotus franciscanus, Botsford et al. 1994), the extremes at both ends of this
size spectrum coexist sympatrically, with a truly bimodal distribution of normal and
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dwarf forms. These coexisting life-history morphs can lie anywhere on a spectrum
between ecological polymorphisms (through phenotypic plasticity) and genetically
distinct groups without gene flow (Taylor & Bentzen 1993; evidence reviewed in Parker
et al. 2001).

Even though we did not prescribe the growth pattern in our model in any way, optimal
phenotypes exhibit determinate growth across all modelled environments. Previous life-
history models found indeterminate growth to be optimal only under restrictive
environmental conditions (e.g. unpredictable season length), physiological or
morphological constraints, or age-dependent mortality (see reviews by Cichon 1999 and
Heino & Kaitala 1999). The universal occurrence of determinate growth in our model
was therefore not unexpected, as we did not include such specific assumptions.

Below we critically review the assumptions included in our analysis. Empirical
relevance and checks of robustness are considered where possible, and alternative
approaches are briefly discussed:

*  Our results show that life-history strategies may change abruptly if mortality is
modelled by the combination of a constant level and an exponential function of
size. Such a relation in fact provided excellent fits to empirical data in species
with size-dependent mortality (Hutchings 1993, F. Bashey, pers. comm.).
Alternatively, size-dependent mortality can be modelled as a hyperbolic
function, m(s)=m, +m,/(1+s/s,)” . Owing to the additional parameter 5 a
hyperbolic model allows more flexibility when fitting it to data. Assuming a
hyperbolic function does not qualitatively alter the results presented here. For
L >1, two local fitness maxima and discontinuities in the global optimum
always occur and, across all model environments, we find optimal life-history
patterns with determinate growth.

= We assumed that the environmentally determined growth potential is constant
throughout growth periods. The assumption of linear growth in length may
appear simplistic. However, many ectotherms show linear growth of structural
size in early life stages, sometimes even until maturation (American plaice
Hippoglossoides platessoides, Roff 1983; cod Gadus morhua, Jorgensen 1992;
fire salamander Salamandra salamandra, Alcobendas & Castanet 2000;
freshwater clam Anodonta grandis, Hanson et al. 1988). We chose linear growth
to avoid the impact of a predefined growth model on optimal life-history
decisions. Any growth model depending on length or weight would inevitably
influence the size-dependent life-history decisions of individuals (Czarnoleski &
Kozlowski 1998).

= There is ample evidence that reproductive activities may reduce survival. For
example, mating itself may reduce female survival, conspicuous reproductive
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behaviours may increase predation risk, or a lowered body condition may
enhance the susceptibility to stress and diseases (reviewed in Roff 1992). In the
model, we expressed costs of reproduction in a very general way, as
instantaneous costs affecting survival after the release of offspring. Costs of
reproduction did not influence any model results qualitatively, but when
approaching zero led to infinitely short reproductive periods.

=  We assumed that fecundity was proportional to weight production rate (which is
a power function of size; e.g. Roff 1983) and not limited by physiological or
morphological constraints. When testing the robustness of the results to these
two assumptions we found no qualitative change when (i) the allometric
exponent of the size-weight relationship was varied, as long as it exceeded 1,
and (ii) an upper bound for clutch weight was introduced that increased with
maternal weight.

In summary, our assumptions about size-dependent mortality, growth mode,
reproductive costs, and the nature of the fecundity-size relationship did not critically
influence the model results. In particular the reported discontinuities in optimal patterns
of growth and reproduction appear to be a very robust feature of life-history evolution
under size-dependent mortality.

To conclude, our results show that in spatially heterogeneous or temporally varying
environments small changes in mortality and/or growth conditions can induce drastic
changes in optimal life histories. A generalist type may perform poorly under such
conditions. The divergent selection pressures near the discontinuity may facilitate the
emergence of distinct ecotypes, even when environmental conditions vary gradually.
Our results could therefore offer a new mechanism for the emergence of ecological
polymorphisms — which, in turn, may lead to genetic differentiation and eventually even
lead to sympatric speciation.
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Appendix: Optimisation Algorithm

We utilize a dynamic optimisation algorithm (see Houston & McNamara 1999; Clark &
Mangel 2000) to determine optimal life histories. In our model, the optimal life-history
decisions during a given reproductive cycle depend only on the size of an individual at
the onset of the cycle (size is the only state variable, since there is no explicit age
dependence of demographic rates), and on the fitness consequences of the decisions in
the current cycle. The latter can be decomposed into (i) the fitness gain from the current
cycle (i.e. the product of the survival probability to the end of the cycle and the
fecundity realized then) and (ii) the fitness contributions from future reproductive cycles
(given by the product of the survival probability to the end of the cycle and the
reproductive value at that stage).

Reproductive values thus depend on all life-history decisions in an individual’s future.
Therefore, they are initially unknown and have to be found through a process of
backward iteration. The general procedure can be summarized as follows. First,
reproductive values for all relevant sizes are set to zero. Second, optimal decisions are
determined for all relevant sizes, given the current estimates of size-specific
reproductive values. Third, the estimates are updated with the reproductive values
obtained as the result of the optimal decisions. Fourth, the second and third steps are
repeated until convergence is achieved, that is, until reproductive values do not
significantly change any more. From this, optimal decisions at all relevant sizes are
determined.

More precisely, the following optimisation algorithm has been used in this study:

1. Initialise the optimisation procedure by setting to zero the reproductive values
R(s) for each of n evenly spaced sizes between s =0 ands =s_, .

2. For each size s, search for the life-history decisions 7, (s) and 7,(s) that confer
the highest reproductive value,

(T,(5),T,(s)) = argmax , , R'(s,T,.T,)
given the current size-specific reproductive values R(s),
R(sT,.T,) = P(s,T,.T,) WF (s + gT,.T,) + R(s + gT,)]
3. For each size s, replace R(s) with R'(s,T,(5),T,(s)).

4. Repeat steps 2 and 3 until the convergence criterion,

m

SO R - R T 0L T D ROP <e

is met.
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After convergence has been achieved, for each size s at the beginning of a reproductive
cycle we obtained the optimal life-history decisions T, (s) and 7, (s), together with the
corresponding reproductive values R(s). The optimal life history is then determined
by forward iteration: starting at age and size zero at the onset of the first reproductive
cycle, individuals grow and reproduce according to the obtained optimal life-history
decisions.

To ensure that the global optimum has been identified in step 2 instead of a local one,
we utilized a combination of exhaustive and simplex search (Press et al. 1992). The
exhaustive search is used initially for searching for local maxima on a pre-defined grid
of values (7,,7,); a subsequent simplex search is then used for fine-tuning the coarsely
established globally optimal life-history decisions through local search. We used

n =100 size classes, with s__ (the largest size considered) re-set iteratively, when

necessary, such that the maximum size corresponding to the optimal life history is
within the range of 20% to 80% of s, . Quadratic interpolation was employed to
obtain reproductive values for sizes falling between size bins, and a value of ¢ =107

was used in the convergence criterion.
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