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Abstract

Coevolution between two antagonistic species follow theated ‘Red Queen dynamics’ when recipro-
cal selection results in an endless series of adaptatioméyspecies and counter-adaptation by the other.
Red Queen dynamics are ‘genetically-driven’ when selectiweeps involving new beneficial mutations
result in perpetual oscillations of the coevolving traitstbe slow evolutionary timescale. Mathematical
models have shown that a prey and a predator can coevolvg algenetically-driven Red Queen cycle.
We found that embedding the prey-predator interaction éntbree-species food chain that includes a co-
evolving superpredator often turns the genetically-driRed Queen cycle into chaos. A key condition is
that the prey evolves fast enough. Red Queen chaos imphldgh direction and strength of selection
are intrinsically unpredictable beyond a short evolutigrtame, with greatest evolutionary unpredictability
in the superpredator. We hypothesize that geneticallyedriRed Queen chaos could explain why many
natural populations are poised at the edge of ecologicalsch@ver space, genetically-driven chaos is ex-
pected to cause the evolutionary divergence of local ptipaks, even under homogenizing environmental
fluctuations, and thus to promote genetic diversity amorajogical communities over long evolutionary

time.



Introduction

Antagonistic coevolution describes the reciprocal evohary interactions between populations belonging
to an ‘exploiter’ such as a predator or a parasite, and arwicuch as a prey or a host. It is a change in the
genetic make-up of a population in response to a genetiogehimrthe antagonistic population (Thompson,
1994). Antagonistic interactions have the potential tealdoevolutionary dynamics of adaptive traits: an
evolutionary advantage gained by one antagonist is oftevcégted with a disadvantage for the other antag-
onist, and may therefore prompt a counter adaptation. Thisdrive stabilizing selection and evolutionary
specialization with extreme refinement of the coevolvirgjt$r (convergence to an evolutionary equilib-
rium); or runaway selection and evolutionary escalatiothwhe exaggeration of traits (with the possible
extinction of some or all coevolving populations, MatsudaABrams, 1994, Ferriere, 2000); or fluctuat-
ing selection and the so-called ‘Red Queen dynamics’ ofgiagh reciprocal changes in the coevolving
traits (convergence to a nonequilibrium evolutionaryeatior, Van Valen, 1973, Stenseth & Maynard Smith,
1984, Vermeij, 1994). It has been suggested that Red Quewmidys underlie a large number of important
biological processes, some of which are still poorly unierd, such as genetic recombination and sexual
reproduction (Hamilton, 1980; Bell, 1982; Hamiltehal., 1990), the extraordinary diversity of genes re-
lated to immune function, resistance and virulence (Selethl., 2008), and the spatial diversity and local
adaptation of exploiter-victim systems (Gandon, 2002).

An important dichotomy exists between two main types of Remd&h dynamics (Khibnik & Kon-
drashov, 1997; Ebert, 2008; Gaba & Ebert, 2009): ecoldgicklven by negative frequency-dependent
selection, and genetically-driven by beneficial mutatioi#is distinction is significant because the two
types strongly differ in their mechanism, their underlyiggnetic architecture, their ecological and evolu-
tionary consequences and the timescales on which theyagefiebert, 2008). With ecologically-driven Red
Queen dynamics, extant variants of the exploiter genotiyaeltenefit the most from the numerically domi-
nant victim genotypes are favored, and, similarly, victiemgtypes that best resist the numerically dominant
exploiter genotypes are favored. This pattern resultslécien against common exploiter and victim geno-
types in a time lagged negative frequency-dependent fagbiplogical instability). A consequence of this
form of fluctuating selection on extant genetic variatiomthiat genetic polymorphism is maintained in the
population for long periods (balanced selection) and thekeafrequencies can oscillate considerably over

time periods of a few generations.



In contrast, genetically-driven Red Queen dynamics ireahe repeated incidence, spread, and fixa-
tion of new beneficial mutants in populations that stabibizecological equilibria. Mutants are driven to
fixation by directional selection (selective sweeps). Thyenetic polymorphism is transient only, and the
evolutionary dynamics are slow—for two reasons. First, memtations causing variation in the adaptive
traits involved are rare events. Second, a new mutant stéfts very low frequencyl(/ N, whereN is the
number of wild-type alleles in the population); thus enwyailiy it can take hundreds of generations until the
mutant becomes recognizable (e.g., 1%) at the populati@h (Elenaet al., 1996). Therefore, genetically-
driven Red Queen dynamics develop on an evolutionary tialeshat is several orders of magnitude slower
than the timescale of ecological processes.

The slow timescale involved hampers the empirical invasitig of genetically-driven Red Queen dy-
namics, and mathematical models have been useful to sedkioas that could favor the Red Queen over
specialization or escalation. So far the majority of thesmlats focussed on the two coevolving species
and ignored the community context in which coevolution sjkace. In this setting, genetically-driven Red
Queen dynamics develop as regular, predictable cyclesimdhaptive trait space. However, pairs of coe-
volving species are inevitably embedded in communitylleveractions of varying degrees of complexity.
It is because most species interact with suites of otheriespéicat vary dynamically across geographical
landscapes, that coevolutionary processes can be impantahaping the structure and maintaining vari-
ability within specific pairwise interactions, such as @ed-prey or host-parasite systems (Abrams, 1991,
1996; Strausst al., 2005; Thompson, 2005; Thradt al., 2007). For example, some trematode parasites
have strong effects on the evolutionary dynamics of thedildrosts, but themselves are dependent upon
waterflow for completion of their life cycle (Lively, 1999)How the community context of coevolution
affects the occurrence and manifestation of geneticallyed Red Queen dynamics remains poorly known.

Seminal steps in the theoretical study of coevolutionanyaglyics in the community context have been
taken recently (Caldarelkt al., 1998; Loeuilleet al., 2002; Gandon, 2004; Nuismer & Doebeli, 2004,
Loeuille & Loreau, 2005; Kisdi & Liu, 2006; Bell, 2007; Feerieet al., 2007; Shoreskt al., 2008; Jones
et al., 2009; Stegemt al., 2009), but models of genetically-driven coevolutionappamics in which more
than two species coevolve in a multidimensional trait spesestill lacking. Here we extend a simple two-
species predator-prey coevolutionary system (Diecknghiah, 1995, where genetically-driven Red Queen
cycles were first documented) to model coevolution in a talieeensional trait space among three species

forming a food chain. The function of each species in the fdwaln is determined by a continuous character



subject to rare and small genetic mutations. One may expatthe addition of a coevolving species to a
coevolving pair could stabilize the evolutionary procesaraevolutionary equilibrium, thereby suppressing
the Red Queen dynamics (Vermeij, 1982; Futuyma, 1983);airttie addition could destabilize the periodic
evolutionary oscillation and drive the genetically-drivRed Queen into chaos (Gavrilets, 1997). Here we
show that conditions leading to genetically-driven pedat/cles in the two traits of coevolving predator

and prey, favor chaotic dynamics in the three coevolvinigsti the three-species food chain.

Model Construction

We focus on a single adaptive trait per species that chaizetethe function of the species in the food
chain. The trait determines competitive ability in the prayd foraging success in the predator and super-
predator. On the evolutionary timescaks novo trait variation is caused by rare genetic mutation. The
current phenotypes determine the ecological equilibridrthe food chain, hence the selective pressures
acting on variants of the traits. Under the assumption thaations have very small effects, the long-term
coevolutionary process can be modeled as a trait substitggquence in each species (Mettal., 1992,
1996), the dynamics of which are captured by a set of thresrmatistic differential equations, one per trait
(Dieckmann & Law, 1996). When reduced to the classical tad;tpredator-prey coevolutionary model,
the system is known to drive trait evolution toward a stalgjeiléorium or toward a Red Queen cycle (if not
toward extinction) (Dieckmanet al., 1995; Dercoleet al., 2003, 2006).

As in Dieckmannet al. (1995), Lotka-Volterra equations are used to describe thégical dynamics

of the food chain:

dn
d—tl = ny (r — cng — agng) (1a)
dn
d—tz = N9 (62&2711 — dg — agng) (1b)
dn
d—tg = ng (63&3712 — dg) (lC)

wherenq, ng, andng are prey, predator, and superpredator densities)d c are prey intrinsic per capita
growth rate and sensitivity to intraspecific competitiong a;, ¢;, andd; are the attack rate, efficiency, and
intrinsic death rate in the predatar £ 2) and superpredatoti (= 3). Each species is characterized by

one genetic traitc; (¢ = 1-3), the genetic system is one-locus haploid, the genetitstcain influence the



prey competition functior and the attack rates, andas, and trait-dependencies are modeled by using the

following functional forms:

c=co+ca(r) — 01)2 (2a)
2 2
T —a T1 — Qo4 To — Q To — @
4y = exp | — < 1 24) + ays 1 24 X2 25 ( 2 25) (2b)
a1 asy a22 a22
To — a34 2 Tg — A34 T3 — G35 T3 — ass 2
a3 = exp | — <7> + 2ass3 — < > (20)
a31 a3l a32 a32

(with 0 < ags3,a33 < 1 andcy, ¢z, a1, age, asy, ass all positive). Prey competition is minimum at
1 = c1, where prey are best adapted to their environment, whilatthek rates, andas are bidimensional
Gaussian functions with elliptic contour-lines centere@uay, ass) (respectively(asqs, ass)) and controlled
in amplitude and orientation by parameters—aos (a31—ass). Differences(x; — agq) and (zo — ags)
((x2 — a3q) and(z3 — ass)) measure the degree to which the predator (superpredatathes’ the prey
(predator), i.e., the attack rate is maximum whgn= ass andzo = as5 (2 = ass, x3 = ass), While
parametersis;—aos (ag1—a33) control the sensitivity of the attack rate to the mismatch.

When a mutation occurs in trai; and generates a new valug, the ecological system becomes

dn1

— = m (r —c(x1)ng — c(z1)n] — ag(xl,xz)ng) (39)
dn'y , /

L =Ny (7' 551 ny — 6(5'31) ny — a2(:c1,ﬂc2)n2) (3b)
dn

al—t2 = ny (ezaz (1, T2)n1 + egag(x), x2)ny — do — az(wa, x3)n3) (3¢)
dn

d—; = n3 (ezaz(r2,r3)n2 — d3), (3d)

so that the fitness function of mutarit is given by

1 dn'
f1($1,$2,£63,$11) — dtl
nl n’ —0
=1 — c(z))ni1(z1, 22, 23) — a2, x2)N2(21, T2, T3), 4)

wheren = (ny,n9,n3) andn denotes the ecological equilibrium of model (1) at which thed chain
stabilizes in the absence of mutants (see Model AnalysisRasdlts).

Similar equations can be written when a mutation arisesdrptiedator (trait:;) or superpredator (trait



x3) (see Appendix S1in Supplementary Material) and yield timeéis functions of mutants, andz:

L

Ja(w1, w9, w3, 25) = oLt

n/:ﬁ
ny=0

= egag(w1, 2h)n(z1, 2, x3) — do — ag(xh, x3)ns(z1, T2, T3) (5)
1 dnj

f3(96179627963790§,) = n_g dt

n/:ﬁ
n3=0

= esas (2, v4)n2(z1, T2, v3) — d3. (6)

The long-term coevolution of traits;, x2, andx3 on the evolutionary timescale obey the so-called

canonical equation of adaptive dynamics (Dieckmann & La®@@a), i.e., the three-dimensional system of

ODEs,
dxl 1 2 _ afl
- = —= 7a
dt oH1o1 ML o, - (7a)
d"EQ 1 2 _ af2
— =z 7b
dt g H202 M2 ErA — (7b)
— == A . 7c
g Mo G s (7c)

The right-hand sides are the product of mutation rates { = 1-3), mutational steps variances?,
equilibrium densities{;), and selection gradients (fithess derivatives). Therlaiplicit expressions are
cumbersome and were always generated and handled by mesymalwdlic computation.

Model Analysis and Results

The ecological model (1) has a unique non-trivial equilibri

ny = L 2208 (8a)
C cesas

iy = (8b)
€3a3

g = 222 (f - “2d3> b (8¢)
as C cesas as



which is positive if and only ifig > 0. When positive, the equilibrium is globally stable (in the positive
orthant). Thus, the ecological model (1) is only viable witthe region of the trait space defined by the
conditionnig > 0.

If the superpredator and the predator are able to simulteitgmatch the predator and the prey, respec-
tively (i.e., as5 = a3q) and if, at the same time, the prey is able to minimize its isigitg to intraspecific
competition (i.e.¢1 = as4), thenz; = ¢y, To = a9, T3 = ags IS an equilibrium of the evolutionary model
(7). Starting from these conditions, and fixing parametexakes corresponding to evolutionary cycles in
the ditrophic model (Dieckmanet al., 1995), we performed the numerical continuation of the ldariim
Z with respect to several parameters.

As expected, evolutionary stability was sensitive to thdation ratew; of the prey. Asu; increases,
the evolutionary equilibrium loses stability through a erguitical Hopf bifurcation which yields a small-
amplitude stable evolutionary cycle (see Appendix S3 ingBrmpentary Material). Starting from the Hopf
bifurcation, we numerically continued the cycle, while ritoring its stability through the computation of
the associated Floquet multipliers (i.e., the three eigles@s of the linearized Poincaré map associated with
the cycle; one of them is structurally equalltand therefore its estimated value is a measure of compnutati
accuracy; the other two determine the stability of the Qychegain by increasing.;, evolutionary stabil-
ity was easily lost through a series of period-doubling fzifitions (a negative Floquet multiplier passing
through—1, see Appendix S3 in Supplementary Material). At each pedimabling bifurcation the cycle
becomes unstable, and a new stable cycle (which traces thedaifurcating cycle) appears. Switching to
the continuation of the new stable cycle allowed us to findribe period-doubling bifurcation. Because
the sequence of bifurcation parameter valugsi = 1,2,. .., accumulates geometrically at the frontigf
of the chaotic region of the Feigenbaum period-doublingads, only a limited number of bifurcations in
the sequence could be detected,(i = 1,2,3, are reported in Fig. 1). The robustness of the cascade has
been checked through the continuation of the period-doghifurcations with respect to various pairs of
parameters (details will be published elsewhere).

In order to estimate:$°, we computed the full spectrum of the attractor’'s LyapunepomentsL; >
Ly, > Ls for finely incremented values ¢f; (step10~°) (see Appendix S2 in Supplementary Material).
L, > 0 implies thatu; is in the chaotic region, whereds, = 0 in periodic windows (see Fig. 1); in
the chaotic regior. is structurally equal t@ (its estimated value measures computation accuracy)ewhil

L3 is negative. The attractor’s fractal dimension then folloinom Kaplan-Yorke formula (see Fig. 2).



In this example the dominant Lyapunov exponent equalds)081321 and the fractal dimension of the
attractor is2.0176 (the attractor lies roughly on a two-dimensional Mobiugp$t Typically, the prey and
predator characters oscillate with small irregular fluttues in amplitude and frequency, while variation in
the amplitude of the oscillations in the superpredatot tsanore pronounced.

Our analysis shows that the genetically-driven Red Qua®s thaotic under conditions similar to those
leading to genetically-driven Red Queen cycles, provided the mutation timescale of the prey is short
enough compared with the mutation timescales of predarsaperpredator. That is (Dieckmasnal.,
1995; Dercolest al., 2003), the predator effciency should be great enough t@ dinie prey away from its
genetic optimum; and there should be sufficient need for thdgtor to track the prey’s character change.
As the prey departs from its optimum, its population dendityps, which causes a reversal of selection
on the predator’s trait, followed by a reversal of selectanthe prey’s character. If the prey evolves fast
enough it will not be ‘caught up’ by the predator and permariit oscillations will evolve; the system
ends up in chaos because the predator is also engaged inautmmary chase with the superpredator.
Broad comparative analyses (e.g., Martin & Palumbi, 19@8khestablished a strong relationship between
nucleotide substitution rate and body size. For instaratesrof nuclear and mtDNA evolution are slow
in whales, intermediate in primates, and fast in rodentd, asimilar effect of body size also exists in
poikilothermic vertebrates. Thus, trophic chains with Bemgrey, hence faster mutagenesis, may be more

prone to coevolutionary chaos.

Discussion

Even though quantitative data on long-term predator-poeyalutionary dynamics remain elusive (Barnosky,
2001), the fossil record supports the view that predati@nisnportant driver of evolutionary change (Kel-
ley et al., 2003). Moreover, paleontological and phylogenetic asedygather increasing evidence for the
role of three-level chain interactions in coevolution (et al., 2003; Kelleyet al., 2003). These empirical
findings have been paralleled by extensions of coevolutjotieeory beyond pairwise interactions (Abrams,
1996; Caldarelliet al., 1998; Loeuilleet al., 2002; Gandon, 2004; Nuismer & Doebeli, 2004; Loeuille &
Loreau, 2005; Kisdi & Liu, 2006; Bell, 2007; Ferrieetal., 2007; Shoreskt al., 2008; Jonest al., 2009;
Stegenet al., 2009), but so far the complexity of evolutionary dynamiosoag more than two species co-

evolving in a multidimensional trait space has been lithplered. As a step forward in that direction, we



added a superpredator as a third, coevolving species, wolatien between a prey and a predator.

Prey-predator-superpredator trophic chains have lomgcé¢id the attention of ecologists as they occur
by diverse mechanisms, can cross ecosystem boundariehasadoractical importance, for example in
management of fisheries or biological control of corp peStzhenet al., 2009). Our model descends from
the lineage of two-species models that addressed gemgtitalen predator-prey coevolution (Stenseth &
Maynard Smith, 1984; Rosenzwedjal., 1987; Rand & Wilson, 1991; Marrowt al., 1992; Dieckmann
et al., 1995; Doebeli, 1997; Gavrilets, 1997; Khibnik & Kondraght997; Dercoleet al., 2003, 2006) and
specifically extends the analysis of Dieckmaabal. (1995), where stable cycles in adaptive dynamics were
first documented.

We searched for strange attractors in the three-traitetbpecies coevolutionary model by weaving
intuition and theory. Theory was telling us that in thirdier dynamical systems the most common route
to chaos is the Feigenbaum period-doubling cascade (seenfppS3 in Supplementary Material), and
we knew that evolutionary stability in predator-prey madehs especially sensitive to the mutation rate of
the prey (Dieckmanmt al., 1995; Dercoleet al., 2003). Thus, our analysis of the tritrophic evolutionary
dynamics was organized by looking for parameters that chagelutionary cycles in the lower ditrophic
model, and such that increasing the prey mutation rate cwigider doubling of the cycle period; and
then, tracking the period-doubling cascade. The strategy successful at detecting transitions toward
evolutionary chaos in the three-species system.

Our analysis of three-species coevolution was intended agtansion of Dieckmanet al.’s (1995) two-
species model. This is the technical motivation for our chaif the type | functional response to describe
trophic interactions, hence the Lotka-Volterra structafehe ecological model. This has the important
consequence of ensuring that the food chain always stewiizan equilibrium on the ecological timescale.
Therefore, oscillations predicted by the evolutionary elocbuld only be due to nonlinear interactions
between selective pressures acting on genetic variatitmeiadaptive traits—not to trait variation induced
by instabilities in the ecological dynamics (as in Abrams &tsuda, 1997b). More realistic food chain
models with, for example, saturating (type 1) functionedponses or self-limitation at higher trophic levels,
can also stabilize at ecological equilibria, though ecilalgcycles and ecological chaos are also expected
in viable regions of the trait space. This opens the podsilaf Red Queen chaotic dynamics that would be
‘ecogenetically-driven’ sensu Khibnik & Kondrashov (1997) (see Dercoétal., 2003, and Dercolet al.,

2006, for the two-species case).
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Another fundamental feature of the model is the definitiothefadaptive traits. We keep the ‘matching
model’ used in Dieckmanet al. (1995), which has long been popular in the theory of predattey co-
evolution (Coheret al., 1993; Abrams, 2000; Loeuille & Loreau, 2005; Stegeal., 2009). The matching
model assumes that the traits of a species and its preyjaatermine the attack (and capture) rate of the
latter by the former, and that the attack rate is maximizeémihne two traits match. Scaled body size is
a commonly used surrogate measure for such traits (Willi&h4artinez, 2000). Defining the adaptive
traits according to the matching model is known to promoteetjeally-driven Red Queen cycles in two-
species predator-prey coevolutionary model (Marebal., 1992, 1996; Dieckmanet al., 1995; Abrams &
Matsuda, 1997a; Doebeli, 1997; Gavrilets, 1997), and thagigied us with the appropriate framework to
answer our main question—‘how are two-species Red Quedascgffected by the coevolution of a third
species?’

Several well-studied antagonistic pairwise interactisesm to conform to the matching model. This
includes parasitic cuckoo and their hosts, in which the gibdhy that a parasitic egg be rejected depends on
the similarity of host and parasite egg morphologies (Rokeéorci, 1999); crossbills and lodgepole pines,
for which fitnesses are influenced by matching between kil and cone structure (Benkman, 1999); feather
lice and dove hosts, in which louse fitness at least is infle@érxy matching size with host size (and host
size correlates with parasite size across species) (Clayt., 2003). Other equally well-studied systems,
however, better fit an alternate model in which the strenfjtebwveen-species interactions is a monotonic
function of the difference between the predator and pregisst This is the case of parsnip web-worms and
wild parsnips, in which feeding efficiency of defended ptaintreases with higher production of detoxifying
enzymes (Berenbaum & Zangerl, 1992). Likewise, the rateuotessful attack in the Japanese camelia-
camelia-weevil system is a monotonic function of the défare between camelia fruit wall thickness and
weevil mouthpart size (Toju & Sota, 2006, 2009). The ‘diéiece model’ so defined also fits the trophic
interaction between toxic newts (prey) and potentiallyirienesistant garter snakes (predators) (Bretia.,
2002; Hanifinet al., 2008).

Nuismeret al. (2007) theoretical analysis of antagonistic coevolutiowar the difference model of
attack rate shows that coevolutionary cycles are still iptsssvith this model, provided that selection is
strong enough and stabilizing selection acts on the trditais, genetically-driven coevolutionary cycles
in pairwise antagonistic interactions appear to be at Ipassible under relatively broad conditions when

the attack rate is described by the difference model. Thestoureof whether coevolutionary cycles turn
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into chaos in the three-species food chain is open to imetstn. Future models should also examine the
coevolution of alternate or additional traits besides thiac rate. Dercolet al. (2003) and Kisdi & Liu
(2006), for example, considered the evolution of handlimgt a key factor of the functional response. As an
extension of our model, it would be interesting to accoungfmetic variation in predator and superpredator
handling times, track the evolution of the functional resges themselves as a by-product, and monitor the
potential bifurcations experienced by the coevolutiordygamics as a consequence.

The possibility that natural selection acting on extantagienvariation drives community dynamics into
chaos has been known since early analyses of host-pathogaelsr(May & Anderson, 1983), and is not
unexpected given that competition between multiple sgemiggenotypes can easily destabilize population
dynamics (Hofbauer & Sigmund, 1998; Turchin, 2003). Thigetyf chaotic evolutionary dynamics has
been foundin theoretical studies of genetic polymorphisnder frequency-dependent selection (e.g., May
& Anderson, 1983; Seger, 1992; Ferriere & Fox, 1995; Sol8a&danyés, 2007), strategy frequencies in
evolutionary games (Nowak & Sigmund, 2003), and rapid eiahuof a continuous trait in interaction with
population dynamics (Abrams & Matsuda, 1997b). All these iastances of evolutionary chaos on the
ecological timescale. The system considered here is diftegince the timescales of ecology and evolution
are separated: the population dynamics of different allstabilize on a monomorphic state over a timescale
which is fast compared to the slow evolutionary timescaler avhich the dynamics of the adaptive traits
develop. Thus, our analysis uncovers the first example dftigelly-driven chaotic Red Queen.

The genetically-driven chaotic Red Queen implies that iveear interactions of selective pressures can
drive phenotypic changes that are unpredictable over tive sinescale of long-term evolution, even in a
perfectly constant abiotic environment. (Note that witlaah in allele, or strategy, frequencies driven by
negative frequency-dependence there is unpredictabiliife dynamics of frequencies, but the identity of
alleles, or strategies, never changes.) This has implicafior our understanding of the role of ‘chance’ in
evolution (Travisanat al., 1995; Beatty, 2006). Chance manifests itself when theudieolary trajectories
of adaptive traits diverge between replicated populattbaswere initiated in similar phenotypic and geno-
typic states. Experimental tests on bacterial systems jiaxeéded some of the best evaluation of the role
that chance may play in evolution. Although founded by thee&lone, and evolving in identical condi-
tions, replicate populations often diverge from one anoithéheir relative growth rate, demographic traits,
morphological features, and performance in other enviemm (Elena & Lenski, 2003, and references

therein). The conventional explanation for evolutionaiwethence ‘by chance’ involves genetic stochastic-

12



ity (the randomness of mutation and drift due to demogragptuchasticity) and environmental stochasticity
(random changes in environemental conditions) (Lenornehald, 2008). However, models of adaptive trait
dynamics derived from individual-level ‘first principlelsave shown that the effect of genetic stochasticity is
often ‘smoothed out’ in the long term, with traits convegyiowards the attractor of a deterministic dynami-
cal system, provided that there is some minimal separattmden the timescales of mutation and selection
(Champagnatt al., 2006). The present study shows that even if the randomriegmnetic stochasticity is
smoothed out, uncertainty can arise from the selection oot of the evolutionary process: adaptive trait
trajectories converge towards a deterministic attragetrthe chaotic nature of the attractor renders the trait
dynamics unpredictable beyond a short evolutionary tinmizbn. Thus, the nonlinearity of the selection
gradient offers an alternative to genetic or environmestiathasticity to explain the ‘chance’ component of
evolutionary trajectories in real populations.

Further examples of genetically-driven chaotic Red Quegmanhics are likely to be discovered in
models of long-term evolution in which the adaptive procegsrates in a three- (or more) dimensional
trait space—even if all traits, e.g., behavioral or lifstbry traits, pertain to the same, single species.
Genetically-driven chaos might also arise in two-trait@t&@ dynamics models, or even in one-trait sys-
tems showing ecological multistability (Dercadeal., 2002), that are subject to externally-driven periodic
fluctuations in mutation or selection. Besides its concaptalue, the genetically-driven chaotic Red Queen
suggests three new hypotheses (discussed below) abowwti@mvary dynamics. Each hypothesis opens

an avenue for future theoretical work.

The intrinsic unpredictability of coevolutionary dynamics is widespread

In view of the general theory of dynamical systems, the erist of chaotic evolutionary attractors over
some parameter region can affect the coevolutionary dysimioadly outside that region. Even when
the coevolutionary attractor of the food chain is an eqiilim or a cycle, the ‘shadow’ of evolutionary
chaos will be seen in the form of long erratic transients (idgs, 2004). Genetic noise, due, e.g., to
random drift or stochastic gene flow, or stochastic envirental fluctuations on the slow evolutionary
time scale, may actually maintain these transients fortrarilyy long evolutionary times. Such ‘noise-
induced chaos’ illustrates the general fact that small artsoof exogenous noise can have disproportionate
gualitative impacts on the long-term dynamics of a nonlirmetem in which chaotic structures exist for

some parameter values (Tel, 1990; Rand & Wilson, 1991gt ali., 2003; Ellner & Turchin, 2005).
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Coevolution can drive population dynamics to the edge of chas

Looking at evolution on a slow timescale in contrast with gere completely separated from the fast
timescale of ecology does not mean that the coevolutionesgess has no effect on the ecological state
of the system. In fact, the genetically-driven chaotic Reg€h implies that the population size of each
species also fluctuates chaotically, but these fluctuatiewslop on the slow, evolutionary timescale, be-
cause at each point in evolutionary time the food chain madelyzed here is at ecological equilibrium.
In other food chain models, ecological cycles and chaosroeadily (Hastings & Powell, 1991; Gross
et al., 2005). In the light of this and other studies (Khibnik & Kaadhov, 1997; Dercolet al., 2006),
the trait domain corresponding to ecological chaos mayatorgart or all of the coevolutionary attractor
(ecogenetically-driven Red Queen). A sharp change in fleetsee regime at the boundary between chaotic
and non-chaotic ecological dynamics is expected in geriEetiere & Gatto, 1995; Dercokt al., 2006),
and may poise the food chain near that boundary for long tgolry times, in a process called ‘evolution-
ary sliding’ (Dercoleet al., 2006). This would provide an evolutionary explanationtfue standing puzzle
that the abundance of many natural populations seemingliufites ‘at the edge of chaos’ (Turchin, 2003;

Ellner & Turchin, 1995).

The chaotic Red Queen promotes genetic divergence in metanmunities

There is considerable interest in better understandingdo@wvolutionary processes work in geographically
structured habitats (Thompson, 2005). The arising of dgeait-driven chaos has direct implications for
the origin and maintenance of genetic diversity in spatiaktended communities. Let us consider the
metaphor of a fragmented landscape in which all patchesdamical and isolated. Genetically-driven
chaotic Red Queen dynamics imply that each local trophiinceaolves along the same strange attractor,
but small ancestral differences in the genetic make-upaailcommunities will result in permanent genetic
differences between patches. The magnitude of thesedtiffes will vary over time, and be sometimes
as large as the coevolutionary attractor. In contrast, Isamalestral differences remain small in the case
of periodic Red Queen dynamics (and the same would be trhe iRed Queen were ecologically driven).
In other words, local genetically-driven coevolutionatyaos promotes spatial genetic divergence, even in
the absence of environmental differences between patdRed. Queen dynamics in general can explain

phenotypic mismatches between coevolving species evdreialisence of spatial structure, gene flow or
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genetic drift (Berenbauret al., 1986; Hanifiret al., 2008); the chaotic Red Queen, in particular, predicts the
persistence of different degrees of mismatches betweahdommunities, even if environmental conditions
are spatially uniform.

Furthermore, general results on the synchronization oadyoal systems subject to common fluctuat-
ing exogenous forces warn that the genetic divergence leatloeal populations can be lost in the presence
of long-term environmental fluctuations (this is known imkegy as Moran effect; see Royama, 1992, for
a review). However, recent results (Colométoal., 2008) show in great generality that this is possible
only if environmental fluctuations are large and tuned djmdly to the endogenous dynamics of the sys-
tem. Genetically-driven coevolutionary chaos could tf@eeplay an important role in promoting genetic
diversity in ecological communities threatened by envinental homogenization (Oldest al., 2004). We
conclude that genetically-driven Red Queen chaos mightaexgenetic differentiation of local commu-
nities without invoking local adaptation to different hibiconditions or to multiple steady states of local
populations in the metacommunity. This points to the pdlitsitthat, in sexual species, the genetic diver-
gence of local populations induced by complex adaptive shyosmight favor the evolution of reproductive
isolation and hence parapatric speciation—even acroasivedyy uniform habitats, as in marine species
(Palumbi, 1994; Kirkpatrick & Ravigne, 2002). Extensionspleciation models along ecological gradients

(Doebeli & Dieckmann, 2003) will help examine this hypotisdsrther.

Concluding Remarks

Here we have extended Dieckmaenal.’s (1995) model of predator-prey genetically-driven cdation
by adding a coevolving superpredator to the system. WhenQRegn periodic cycles develop in the two-
species model, the adaptive dynamics of the three coegpbprcies are often chaotic. A general condition
for this to happen is that the evolutionary rate of the preyldoge enough. The greatest irregularity is
then predicted in the dynamics of the superpredator tragcaBse the ecological model of the food chain
is always at equilibrium throughout the trait space, inditgbin the ecological dynamics plays no role
in generating this chaotic Red Queen, which is thus entidlelyen by nonlinear interactions between the
selective pressures acting on rare genetic variation af#its.

The specificities of the model and the new hypotheses arfsimg the results call for continued the-

oretical investigation of chaotic dynamics in geneticalljven coevolutionary processes. This theoretical
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endeavor should be paralleled by an empirical effort fowygin the patterns of temporal unpredictabil-
ity and spatial heterogeneity of antagonistic coevolytiand the consequences for population dynamics,
genetic differentiation in metacommunities, and macradianary processes including speciation.

A key difference between coevolutionary cycles and codianary chaos lies in the expectation that
geographically distinct communities subject to homogeriZactors of their environment (e.g., large scale
climatic fluctuations) should exhibit similar degrees oépbtype mismatching when coevolving cyclically,
and persistently dissimilar degrees of mismatching whavaeing chaotically. Spatially heterogeneous
mismatches have been documented recently in the camediedw@oju, 2009) and newt-gartner snake
(Hanifinet al., 2008) systems. In the light of our results, the fine-scaterdience of coevolution in the for-
mer may nhot require geographic variation of environmeraetdrs (Toju, 2009). Molecular data supporting
the role of beneficial mutations, rather than standing gewratiation, as fueling coevolution between newts
and their snake predators (Feldnmeml., 2009) offers promising evidence for the relevance of geaky-
driven Red Queen models to deepen our understanding ofagtgmpatterns of coevolution in nature.

Besides trophic interactions, the Red Queen is expectegign in many exploiter-victim systems (Lyth-
goe & Read, 1998). Biomedical science has already revebhiegdtential ubiquity of the Red Queen in
parasitic and pathogenic interactions (Magal., 2004). Experimental coevolution in host-pathogen sys-
tems is being used successfully to evidence the patterndissett the processes of ecologically-driven Red
Queen dynamics in laboratory systems (e.g., Koskella &lijv2007, 2009) and in nature (Decaestecker
et al., 2007). On the evolutionary timescale, antagonistic cltiemary dynamics fueled bgle novo ge-
netic variation have been studied experimentally usingeoad systems (Lenski & Levin, 1985; Bohannan
& Lenski, 2000; Buckling & Rainey, 2002; Mizoguclat al., 2003; Fordeet al., 2004; Lopez-Pascua &
Buckling, 2008; Gallett al., 2009). The time-shift experimental design (Gaba & Ebé&®® implemented
to study ecologically-driven Red Queen dynamics could lpdieg to measure how predictable genetically-
driven coevolutionary trajectories are under differenparimental treatments, and thus to search for the
essential property of chaotic dynamics—exponentiallylidiery predictability of trajectories. Combining
experiments with sufficiently detailed mathematical med#l the study systems will be instrumental to
identify relevant experimental treatments, to design datkection and analysis, and to interpret the results
(Decaesteckest al., 2007). If it were supported by such experiments on mictalistems, the genetically-
driven chaotic Red Queen might contribute to our understgndf the rapid and indeterminate evolution

of viral pathogens (Kirkwood & Bangham, 1994; Moghal., 2004), and perhaps influence the study and
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control of emergent pathogens on large temporal and sjzatides.

Ultimately the important question raised by the genetyedliven chaotic Red Queen is unlikely to be
whether or not long-term evolution in any specific ecolobsyastem is chaotic—a question that makes sense
only in the realm of mathematical models. Population edstsghave long gone beyond that question—
chaos versus nonchaos—to draw stunning insights frommeenlidynamics theory into how environmental
forces and internal dynamics shape species abundancesridutiion in nature (Alleret al., 1993; Dixon
et al., 1999; Turchin, 2003; Ellner & Turchin, 1995). The same moweld take place in evolutionary
biology, as genetically-driven Red Queen chaos challengesbility to measure, compare, and interpret

coevolutionary patterns and processes in the real world.
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The following supplementary material is available for thiticle:
Appendix S1 Mutant-resident ecological interaction
Appendix S2 Lyapunov exponents computation

Appendix S3 Technical references on bifurcation analysis
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Figure 1. Period-doubling route toward genetically-dnivieed Queen chaos in a three-species food chain.
Peak values of the superpredator trait(blue), in the corresponding evolutionary attractor, drellargest
Lyapunov exponent].; (red), as functions of the prey mutation ratg, The valueu$° indicates the lower
limit of the chaotic range. Parameter valugs; = 1, u3 = 1, 0? = 0.3, 03 = 2, 02 = 2,7 = 0.5,

dg = 0.05, dg = 0.02, €y — 0.14, €3 — 0.14, a1 — 0.22, a2 — 0.25, a3 — 0.6, a4 — 0, ass — 0.04,

asl = 0.22, asg = 025, asz = 06, as3q = 0, ass = —0.04, Co = 05, C1 = 0, Cy = 3.
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Figure 2: Genetically-driven chaotic Red Queen in a thpseies food chain. Left panel: evolutionary
strange attractor. The estimated Lyapunov exponentd.are- 8.1321 - 1073, Ly = —2.3923 - 1076,

L3 = —4.6270 - 1071, and the fractal dimension &5— L;/Ls = 2.0176 (Kaplan-Yorke formula). Color
codes the largest local Lyapunov exponent (see Appendin SUpplementary Material). Chaotic time-
series of prey, predator, and superpredator traits arersloowthe right. Parameter values as in Fig. 1 and
p1 = 4.2667.
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