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ABSTRACT

Question: What are the evolutionary conseqoes of extinctions in ecological com-
munities? Can evolution restore pre-extinction communities by replacing lost ecological
strategies with similar onesr will communities change iruhdamental ways and never be
the same again?

Mathematical approach: We develop and explore a new framework based on evolu-
tionary domains of attraction (EDAS), definedsass of strategy combinations from which a
particular ESS community can be attainesbtigh gradual evolution. The latter dynamics
may include three types of ewblonary processesontinuous strategy adaptation in re-
sponse to directional selectiogvolutionary branching in sponse to disruptive selection,
and evolutionarilydriven extinction.

Key assumptions: We consider gradual frequencypgmdent evolution in ecological
communities, with evolutionary dynamics being fully determined by the strategy composi-
tion of a community’s resident species.

Results: The EDA approach distinguishes ESS communities that gradual evolution can
restore after extinctions from ESS communifi@s which this option does not exist or is
constrained. The EDA approach also offensadural definition of ‘evolutionary keystone
species’ as species whose removal causes a goitynto shift from one EDA to another.

Our study highlights that environmentally drivertinctions can readily cause such shifts.
We explain why the evolutionary attainalyilof an ESS community through gradual evolu-
tion from a single precursor species does ngilynits evolutionary restorability after ex-
tinctions. This shows that evolution driven figquency-dependent selection may lead to
Humpty-Dumpty effects and community closure on an evolutionary time scale. By estab-
lishing EDAs for several example food webs, dvecover that evolutimarily driven extinc-

tions may be crucially involved in the eutibnary restoration of ESS communities.



INTRODUCTION

Extinctions can have far-reaching ecological and evolutionary repercussions. On short time
scales, removal of a single species may cawsaction cascades amestructure ecological
communities (Paine, 1966; Simberloff, 2008potton and Downing, 2003). On long time
scales, extinctions may create new evohdry opportunities and reshape adaptive land-
scapes via the differential survivorshipspiecies (Vermeij, 1987; Jablonski, 1989; McKin-
ney, 1997). At the same time, many extinctitaise place without noticeable effects on eco-
logical communities and without leavirtgep traces in fossil records (Purgisal., 2000;
Erwin, 2001). Understanding which mechanisms underlie these different outcomes of ex-
tinctions is critical for important objectives diverse as interpreg fossil patterns (Raup,
1994) and predicting the long-term consequerddae current biodiversity crisis (Myers
and Knoll, 2001).

In this study we investigate the evolutionamplications of extinctions for community
structures. Inevitably, the disappearance ofexigs changes the biotic environment for the
species remaining in a community. These arestbeg likely to experience altered selection
pressures, which in turn candr gradual evolutionary changeSuch evolution may have a
range of different outcomes. One possibilitglgaracter release (Gta 1972) and the adap-
tive adjustments of niche pdisins, including parallel sh#, convergence, and divergence
(Abrams, 1996). Models focusing on theveese phenomenon, species introduction into
communities, have shed light on the coevoluiry mechanisms involved in such shifts
(Slatkin, 1980; Rummel and Roughgarden83;9Taper and Case, 1985; Abrams, 1986;
Drossel and McKane, 1999). Another, more gradint, outcome of gradual evolution is ex-
tinction. Extinction driven by natal selection readily occuia models describing a wide
range of ecological settings. Frequency-depahcevolution within a single species can
cause sudden population collapgesolutionary suicide; Feere, 2000; Gyllenberg and
Parvinen, 2001; Parvinen, 2008).species can also undergo admal decline to critically
small population sizes, either again drivenittyaspecific evolution (evolutionary deterio-
ration; Matsuda and Abrams, 1994; Dieckmann laadiere, 2004) or by evolution in coex-
isting species (coevolutionary extinctioRummel and Roughgarden, 1983). Brown and
Vincent (1992) put forward models in whiclethremoval of predatorgsermed ‘evolutionary
keystones,’” caused evolutionary convergencthénniche positions of their prey, resulting
in competitive exclusions. Their study illustrates how the extinction of a species can trigger
further, evolutionarily driven, extinctions. rBilar coevolutionary extinction cascades were
found by Bronsteiret al. (2004) in models of mutualism.

A related, but less explored, possibilitytigat gradual evolubin activated by extinc-
tions leads to diversification. €hcapacity of ecologitanteractions to dve diversification
is increasingly emphasized in the literatur@gB, 1975; Schluter, 1994; Rainey and Travis-
ano, 1998; Travisano and Rainey, 2000; Dieakmand Ferriere, 2004; Grant and Grant,
2006). In particular, it is theoretically well established that frequelependent selection
can cause evolution towards s minima (Rosenzweig, 1978; Metzal., 1992; Abrams
et al., 1993; Coheret al., 1999). The ensuing disruptivelesetion can split up lineages
through a process known as evolutionary branching (etedkz, 1996; Geritzt al., 1998).
Evolutionary branching is a form of gradualoésion that may give se to coalitions of
stably coexisting ecologicaitrategies (e.g., Geri& al., 1999; Egast al., 2004). Subse-
guent evolution may then lead to further exmnary branching. In this manner, recursive



evolutionary branching canigmate whole ecological commities through adaptive radia-
tions (e.g., Loeuille and Lorea004; Ito and Ikegami, 2006; la al., 2009).

That gradual evolution can thus endogenogslyerate diversity dws attention to the
possibility that species thare lost from a community through extinction may be replaced
with phenotypically equivalent ones through tpestinction diversiication. Communities
may or may not undergo such evolutionary gestion after extinctionsand even when it
happens, the restoration may be either fulboly partial. However, under which circum-
stances these different outcomes are expecteat islear, for two reasons. First, the typical
ecological scenario envisioned in most moaelgvolutionary branching is not representa-
tive of the diversification processes expedtegost-extinction communities. For example,
studies of evolutionary brahing commonly focus on divergition starting from a single
species residing in an empty niche spacec@ytrast, in post-extinction communities, the
pace and eventual level of diversification wiliturally be contingent on the species that
remain in the community. Compared to the §uir scenario” in an empty niche space, evo-
lutionary branching may be helped or hampered in these partly occupied ecological envi-
ronments.

Second, established concepts for classifyirggdtability of evoltionary processes do
not offer the guidance necessé#oy predicting whether, and #o to what extent, a commu-
nity is evolutionarily restordb. Classical evolutionary game theory assumes that the out-
come of evolution is an evolutionarily stalstrategy (ESS), a phenotype that is unbeatable
by any variant phenotype (Maynard Smith, 1976). However, taking into account that adap-
tive evolution typically proceeds graduallyrdahgh changes with small phenotypic effect,
the ESS condition itself is dfut limited relevance for understanding and predicting the dy-
namical processes underlying evolutionary regton. First of all, evolution may become
stuck at a local fithess maximum. Moreoversetection is frequencgiependent, an unbeat-
able strategy may not be convergence stalge,attainable through gradual evolution from
nearby phenotypes (Eshel and Motro, 1981)abt, Eshel and Motro (1981) showed that
evolutionary stability and conugence stability are independegroperties, which therefore
can occur in any combination. It has thus bseggested that endpasndf the evolutionary
process need to possess both properties, evolutionary stability and convergence stability.
This requirement defines soHeal continuously stablstrategies (CSSs), which can also be
generalized to multispecies scenarios (Vinat@., 1996). Crucially, however, continuous
stability is not sufficient for wolutionary restorability. Sinceonivergence stahiy is a local
property, it is possible thagradual evolution following extiction leads away from a CSS
and eventually converges on a different evohadny attractor. At a nre fundamental level,
it is not even clear how the concept of cagesce stability can be defined when species
numbers may be changing, suctdasing evolutionary restoration.

In this study we introducevolutionary domains of at#iction (EDAS) as a tool for
mapping out the possible evolutionary pathwigs post-extinction communities to evolu-
tionary attractors. We focus on pathways ebtarized by graduavolution, which may
variously include continuous strategy adaptaionresponse to direohal selection, evolu-
tionary branching of strategiéss response to digptive selection, and evolutionary extinc-
tions of strategies as outlinathove. We show how the EDapproach can help characterize
the evolutionary attainabilitgnd restorability of ESS commities. We also apply the EDA
approach to study possible altative routes to ESSs and ewtdbnary consequences of ex-
tinctions in two specific food-web models.thbugh the food websontain only two evolv-
ing consumer species with one-dimensionedtsgies, the EDA approach reveals surpris-
ingly rich evolutionary dynamics in these systems.



Two important phenomena may interfere witle restoration oA community through
endogenous evolution. To start with, vacant egcleft by extinct species may be filled
through immigration events. Such events asedefinition, exogenous to the system under
consideration, which will usually complicapeedicting their effect Next, although disrup-
tive selection inevitably arises at evolution&nanching points, it may still not lead to the
splitting of lineages. Requirements for sp&oiato occur in sexually reproducing popula-
tions remain a topic of actvresearch (e.g., Dieckmagnal., 2004; Gavrilets, 2005). Fur-
thermore, stochastic effects may delay or idgevolutionary branching, even in asexual
populations (Johanssomd Ripa, 2006; Claessah al., 2007). The EDA approach we in-
troduce below focuses on predicting the evahtutcome of gradual evolution in the ab-
sence of immigration events and speciation atdes. The latter are readily incorporated
into the EDA approach by analyzing jumpssinategy space and by examining traps at evo-
lutionary branching points, respectively.

This article is structured as follows.r§i we introduce the EDA approach and explain
how it can be used to study ewtbnary attainability and storability. Then we explain
how to identify and use EDAs in two exampi®dels. We then compare predictions of the
EDA approach with results from (mostly tlietcal) studies of inv@on-structured commu-
nities. We conclude by discussing our resultseiation with two fundamental kinds of di-
versification processes; adaptive radiatiothin local communities and large-scale evolu-
tionary restoration process®llowing mass extinctions.

EVOLUTIONARY DOMAINS OF ATTRACTION

Gradual evolution

The EDA approach developed here is basedssumptions commonly made when studying
gradual evolution through quantiiag genetics (Lande, 1976; Iwadiaal., 1991; Abramst
al., 1993), strategy dynamics (Vinceattal., 1993), and adaptive dgmics (Dieckmann and
Law, 1996; Met#t al., 1996, Geritzt al., 1998). We assume that the ecological strategy of
a species is characterized by a quantitative trait. Wg ldenote the trait value and, the
population size of a species Trait values of a comumity of species =1,...,n are thus
described by the vectar that contains the trait values,...,z,. We denote byw(Z,z) the
fitness of an individual with trait valug in a community with trait valueg. To keep the
notation simple, we focus on situations witlsteared trait space armhe trait per species,
but our approach readily generals to several trait spaces and several traits per species. Be-
low we discuss the three elements of gra@walution, by describing in turn the continuous
adaptation, evolutionary branching, anlationary extinction of strategies.

Continuous adaptation of strategies. We assume that the trait valuesanevolve ac-
cording to

d
2=C29@), @)

where g(z) is a vector describing theelection gradient an€(z) is a matrix describing
how the selection gradient tranglgtinto evolutionary rates. Theh element ofg(z) thus
describes the directional selectiopressure on the trait of species,
9,(2) =ow(Z,2)/ 82’|H :



This formof evolutionary dynaias is verygeneral, and naturallgrises in quantitative
genetics (Lande, 1976; Iwashal., 1991), strategy dynamics (Vinceettal., 1993), and
adaptive dynamics (Dieckmann and Law, 1996). Equation 1 thus represents different evolu-
tionary scenarios depending ore timterpretation and form aj and C. For example, the
elements ofg may describe frequency-independsatection on a fixed fitness landscape
(Lande, 1976) or frequency-dependent sedectierived from underlyig ecological models
(Abramset al., 1993; Vincentt al., 1993; Dieckmann and Law, 1996). In one interpreta-
tion, equation 1 can describe ewtbn in communities with standing genetic variation, as in
guantitative genetics (Lande, 1976; Iwatal., 1991; Abramst al., 1993) or strategy dy-
namics (Vincentt al., 1993). Theng describes the selection pressures on mean trait values
and C is the diagonal matrix of population-le\aditive genetic variances. The latter may
be assumed to be constant (Lande, 1976)hé&mge as a fixed function of a species’ mean
trait values (Abramst al., 1993), or to follow their own seatgon-driven dynamics (Vincent
et al., 1993). In another interpretation, equatiban describe the mutation-limited evolu-
tion of (nearly) monomorphic populations, ssadaptive dynamics theory. Than de-
scribes the selection pressums resident trait values and is the diagonal matrix with
elements that are proportional to the produatnatation probabilities, mutation variances,
and the equilibriunpopulation sizes of red@nt populations (Dieckmann and Law, 1996).
The latter three factors may &k functions of trait value¥Vhen Equation 1 is generalized
to multiple traits per specie§; assumes a block-diagonal sture, with the off-diagonal
elenents in each species’ block describing additive genetic or mutational covariances
among that species’ traits (Lande, 19F8lconer and Mackay, 1996; Leimar, 2001).

Continuous strategy aptations will proceedaccording to equation 1 until a species
goes extinct or until the evolving communigaches an evolutionarily singular strategy
defined by a vanishing selection gradigz’ ) =0 and thus by the absence of directional
selection pressures (Metz al., 1996; Geritzt al., 1998). What may happen at can be
evaluated by studying the shapetio¢ local fitness landscape. éfw(z,z")/0z? <O
for all i, ' is an ESS. Since" was reached through gradual evolution, it classifies as a
CSS as well. The inequality emes that the tiaivalues of each species are situated at a fit-
ness maximum, so that all selection pressaresstabilizing and the community’s evolution
therefore stops.

Evolutionary branching of strategies. When the last inequality is reversed for a species
i, that species experiences disruptive seleclitis may result in evolutionary branching,
i.e., in the splitting of lineages by freqey-dependent disruptive selection (Metzal.,
1996; Geritzet al., 1998). After such an evolahary branching, the number of strategies
is incremented by 1, and the new trait is added fovith an initial vdue corresponding to
the ancesdl trait).

Evolutionary extinction of strategies. The evolutionary extinction of speciesresults
when its equilibrium population sizgoes to zero due to evolution m(Geritzet al., 1999;
Dercole, 2003; Dieckmann and Ferriére, 2004). Afiech an evolutionary extinction, the
numbern of strategies is decremented byafd the lost ti&is removed fromz .

It is important to distinguish evolutionagxtinctions fromthose driven by systematic
environmental changes (pulaad press perturbations; Bendeal., 1984). The former oc-
cur due to causes that are mid to the evolving communityyhereas the latter are driven
externally. While an environmental change ndaymore than cause the loss of one or more
species from a community, our analyses @& #évolutionary conseqnees of extinctions
focus on the effects of these extinctions alone, in close corresponsignctudies of the
ecological consequenceseaitinctions (e.g., Borrvatt al., 2000; Lundbergt al., 2000).



Definition of evolutionary domains of attraction

We define the evolutionary domain of attracti@DA) of an ESS as the set of all strategy
combinations from which the ESSa#ainable through gdual evolution.

By combining the continuous adaptation stfategies with ioreases (through evolu-
tionary branching) and decreasghrough evolutionary extinctiom) the number of strate-
gies, the definition of EDAs fundamentathpes beyond the simpler concept of domain (or
basin) of attraction widely used the general context of dymécal systems. The latter has
previously been applied to evolutionary dynesniestricted to the continuous adaptation of
strategies (e.g., Dieckmann and Law, 1996; lehal., 1997; Geritzt al., 1999; Kisdi and
Geritz, 1999; Dercole, 2003; HilleRisL&@rs and Dieckmann, 2003; Le Galliaadal.,
2003; Magoriet al., 2003).

Graphical representation of evolutionary domains of attraction

One advantage of EDAs is that they can gds#l studied and understood graphically. Here
we describe how. To keep illustrations sieypve start with focusing on two-species com-
munities, whose dimorphic ESSs are embedded in two-dimensional trait spaces. The graphi-
cal representation of EDASs in three-speciemitminities will be discussed later, in connec-
tion with Figure 5.

Figure 1 illustrates the EDA of a hypotluati dimorphic ESS that can be reached
through evolutionary branching. The trait spa and evolution cd single species (mono-
morphic dynamics) and of two coevolving species (dimorphic dynamics) are depicted here
in a single figure, with t single-species dynamicsaurring along the diagonak(= z,),
which we hereafter thus callehmonomorphic diagonal. In Figud A, a single species will
evolve towards the branching point (filled square) if its trait value is situated within the in-
terval (thick dark-gray linedf the monomorphic dgonal that belongs to the EDA (dark-
gray region, including that line). At the brdning point, the species may split into two spe-
cies, which in turn will evolvan different directions away from each other and thereby
leave the diagonalZ # z,, point a in Fig. 1A). The two coevolving species will reach the
ESS (filled circle) where selection on both spedgestabilizing and hence evolution stops
(point b in Fig. 1A). If the community initiallycontained two species thidifferent traits,
such that their trait-value nwbination (i.e., the correspondipgint in the two-dimensional
trait space outside the monomorphic diagonaB situated within the EDA, the dimorphic
ESS would also be attained (pomin Fig. 1A).

For species to coevolve within an EDA, thewst be able to coexist: therefore, an
EDA is always a subset of the domain of detence (light-gray region). The latter is de-
fined according to a suitable criterion suchragual invasibility. Since the labeling of spe-
cies by subscripts 1 and 2asbitrary, EDAs and coexisteaa@omains are always invariant
under mirroring alone the monomorphic diagorar the sake of simplicity, these redun-
dant mirror images are not shownrFigure 1, nor in té following figures.

Figure 1A is an example of how to depgradual evolution on a changing adaptive
landscape in a compact and economic way. Each single point in the one- and two-
dimensional trait spaces of this figure cop@sds to a unique adaptive landscape. The di-
rection and speed of evolution at any suchipdepend on the local slopes of the adaptive
landscape. Likewise, when directional selecttabsent, the stabilizg or disruptive nature
of selection depends on the local curvaturethefadaptive landscape. This is illustrated in
Figure 1B for dimorphic coalitions with dit-value combinations corresponding to the
points a, b, andc in Figure 1A. These adaptive lagdpes not only affect the direction



and speed of evolution for the two shown residgeies, but they also reveal which other
trait values are able to invade the commubifyimmigration: such immigrants need to ex-
perience positive fitness values at unoccupiet\tedues away from the resident species. It
must be kept in mind, however, that whether such immigrants can eventually coexist with
the resident species is a diffeteuestion that needs to badaessed in terms of the coexis-
tence domain.

We can therefore conclude that burdenirggdhaphical represetikan by keeping track
of all possible adaptive landscapes wouldibeecessarily complicated for our purposes, for
two reasons. First, the graphical representation illustrated in Figure 1 provides all informa-
tion necessary for understanding gradual evautdirectional selectioon resident species
is depicted by the directiomd length of arrows, while the occurrence of stabilizing and
disruptive selection is indicated by the labeling of evolutionarily singular points. Second,
the graphical representation illustrated igufe 1 also provides key information for under-
standing invasions through imgnation: the coexistence domashows, for any one resi-
dent species, which other traitlwas could immigrate and coexist.

In addition, the graphical representationsthated in Figure 1 also provides all infor-
mation necessary for understandenxginctions: these are repretashas projections from an
n-dimensional trait space to an-{1)-dimensional trait space. As mentioned above, in this
study we consider both enviroemtally drivenextinctions and evolutionarily driven extinc-
tions. Figure 1 illustrates both types. The emwmentally driven extinction of species 1 at
the dimorphic ESS is shown as a projectiooridontal dotted arrow) from the ESS to the
point on the monomorphic diagdr@rresponding to thtrait value of th remaining species
2. An evolutionarily driven extinction occumshere the trajectoriesf gradual evolution
leave a coexistence domain., It is thus use&duhighlight in the gaphical representation
those parts of the border of this domain thixtat evolutionary trajeories instead of repel-
ling them. In Figure 1, the evolutionarily drivemtinction of species &t the attracting part
of the coexistence-domain border (thick contumiourve) is shown asprojection (vertical
dotted arrow) from this borde¢o the point on the mononyaric diagonal corresponding to
the trait value of the remaining species ltidthat, because ofdtrepellor (open circle)
situated on the monomorphic diagonal, thaniching point, and thus the dimorphic ESS,
can no longer be reached aftieis evolutionary extinction.

Classification of evolutionary attainability and restorability
based on evolutionary domains of attraction

We will now use the EDA approach introducdmbee to characterize the evolutionary at-
tainability and restorability of dimorphic ESSSgure 2 introduces theassification of five
gualitatively different cases.

Figure 2A shows an ESS that lacks an EB&en though the ESS is uninvadable, it is
not convergence stable andetéfore impossible to reatchrough continuous adaptation.
When such ESSs are nevertheless surroundeddmexistence domain, they are known as
Garden-of-Eden configurations (Hofbaued&igmund, 1990; Nowal,990). In Figure 2B,
the ESS has an EDA. It may therefore bached through the cantious adaptation of
nearby strategies, which makies CSS. However, since tmeonomorphic diagonal is not
included in the EDA, this CS&nnot be attained through grableaolution of a single pre-
cursor species. In Figures 22D, and 2E, the ESSs are also attainable from a single precur-
sor species, through the combination of ettohary branching and continuous adaptation.
These three cases, however, differ in the extemthich the CSS may bestored after an
extinction. If the species that remains after eélkénction is situated within the EDA of the



original CSS, it will evolve to the branching pdiand may thus givese to two new species
that eventually will evolve tohe original CSS. Figure 26hows a CSS that cannot be re-
stored in this way, since boextinction projections fall outde the EDA. Figure 2D shows
a partially restorable case, where the CSS caedtered after extiion of one of the two
species (species 1), but not aféxtinction of the other onegscies 2). Figure 2E, finally,
shows a fully restorable CSS, where bothretion projections fall into the EDA of the
original CSS.

Based on these observations, we can introdlvedollowing general classification of
ESSs. All ESSs are uninvadable, but differ ieitldegree of attainability and restorability.
If they are surrounded by an EDA, they arealty attainable, anchtis CSSs. If their EDA
includes the monomorphdiagonal, they are attainable frarsingle precursspecies. Yet,
they may or may not be restorable. Evolutignastorability comes two versions: a CSS
may either be restorable after some extinctiomly (if some, but not all, extinction projec-
tions fall into its EDA), or after all possible tections (if all extinction projections fall into
its EDA). In the following we will refer to thescases as partially restorable and fully re-
storable ESSs, respectively.

ATTAINABILITY AND RESTORABILITY IN MODEL FOOD WEBS

We now apply the EDA approach to study iatility and restorability in two specific
food-web models. We start witthe well-studied scenario @volving consumer species
feeding on two basal resource species (Eyak, 2004; Ravigné&t al., 2004; Diekmanret

al., 2005; Rueffleret al., 2006; Ripa, 2009) and show thamay exhibit all the different
classes of ESS shown in Figure 2. In thig facenario, the EDA approach also reveals new,
more complex routes to ESSs than had ipresly been reported. We then study a second
scenario with a qualitatively different and manéricate food-web structure. In this second
scenario, a predator species may speci&itteer on a basal resource or on a non-evolving
consumer species. Applying the EDA approszithe second scenario shows that commu-
nity restoration can involvevelutionarily driven extinctionand may critically depend on
processes other than gradual evolution, siscthe reinvasion of excluded species. The sec-
ond example also illustrates how evolutionary restoration may take very different pathways
depending on the species that goes extinct.

In the models used as examples below, theiency of attacking onef the prey is as-
sumed to trade off against the efficiency ttheking the other, a widely used tenet of con-
sumer-resource ecology (HilleRisLambers and Dieckmann, 2003; &gak, 2004;
Abrams, 2006). The evolving consumers are characterized by a single quantitatize trait
that can take values in the inter@1]. The trade-off arises from letting represent the
fractional investment into &icking prey 1 and letting— z represent the fractional invest-
ment into attacking prey Zhe corresponding attack rate¢z) and «(1— z) are then func-
tions of these fractiomanvestments, withe denoting a monotonically increasing function
and  (0) = 0. The strength of the trade-off is controlled by a parametéfig. 3A). When
s=1, the trade-off between the two attack rageknear; it becom&stronger (weaker) for
higher (lower) values o§. More information about the functios is presented in Appen-
dix A. Functional responses of consumers Binear and basal resources follow logistic
growth. Trait values are assumed to evaeeording to the canonicaquation of adaptive
dynamics (Dieckmann and Law, 1998)ore information about the ecological and evolu-
tionary dynamics is presented in Appendix B.



Example 1: Evolving consumers feeding on two resources

Figure 3 shows EDAs of the ESSs of two\aaeing consumers, with attainability and re-
storability properties correspondit@the classification in Figur2. For an extremely strong
trade-off (attack ratex(z)= I z=1 and a(z) = 0otherwise), only the two pure special-
ists (z, =1, z,=0) are viable (point in Fig. 3C), resulting imn ESS without an EDA (as
in Fig. 2A). Notice, however, #t this requires a sicontinuous mapping from traits to attack
rates, since a continuous mappiaguld render viable trait valuegery close to 0 or 1. Us-
ing the trade-off function in Figure 3A, we obtain dimorphic ESSs that are all attainable
(and hence are CSSs). Trade-off strengtiecreases when we go from D over E to F. In
Figure 3D, the CSS istainable from certaimimorphic coalitionsbut not through evolu-
tionary branching at the monanphic diagonal (as in Fig. 2B). In Figure 3E, the monomor-
phic diagonal is included in the EDA, but extilon projections fronthe dimorphic CSS are
not. The dimorphic CSS is hence attainable feosingle precursor species, but it is not re-
storable (as in Fig. 2C). A fully restollalcase (as in Fig. 2E) is obtained wherslightly
exceeds 1, as shown in Figure 3F. In this cigewhole coexistence mhain and the whole
monomorphic diagonal belong #&osingle EDA. After any extirtion, the remaining species
may therefore evolve back to the branchingipand restore the dimghic CSS. A partially
restorable case (as in Fig. 2D) is obtaif@dasymmetric resource abundances, e.g., when
density regulation by the two resource speisas unequal strength (not shown). The EDA
of the dimorphic ESS then &shybrid between the non-restdebase (Fig. 3E) and the ful-
ly restorable case (Fig. 3F). Accordingly, t@mmunity could be rested after extinction

of one species, but not after extinction of the other.

The EDA approach also sheds ligin the posible evolutionary routes toward ESSs.
Close to the interior border of the coexistence domain in Figure 3D, there are trait-value
combinations from which one of the two specig evolutionarily be driven to extinction.

In these regions, the low population densitythaft species will naturally reduce its evolu-
tionary rate. The directions of evolution in these regions are therefore close to vertical or
horizontal, and evolutimary extinctions occur when thestar-evolving species forces the
community to leave the coexistence domain. Aftech an extinction, the remaining species
will evolve to become a specialist, atidis move toward one of the poindsin Fig. 3D.

The parts of the coexence regn from whid this occurs (light-gray region in Fig. 3D)
therefore belong to the ED&f the monomorphic CSSa, but not to the EDA of the di-
morphic CSSc.

In Figure 3E, the mnomorphic diagonatontains one lanching point (az=1/2) and
two repellors situated symmaetailly around it. Close tthese repellors, there are regions in
which one of the speciesill evolutionarily be driven to extinction, as described above. Af-
ter such an extinction, the remaining specidsevblve either to become a specialist (if ex-
tinction occurs in the light-gray geon) or to thebranching point (if extinction occurs in
the dark-gray region).rbm the branching pot, the dimorphic CSS can be restored. The
road of restoration of this dimorphic C&&y hence include continuous adaptation forcing
the evolutionary extinction of one speciesntinuous adaptation of the remaining single
species, evolutionary branching, and finabntinuous dimorphic divergence until the CSS
is reached.

Example 2: Evolving predators feeding on two trophic levels

In our second scenario, one or two evolving ptecs feed either ontzasal resource or on a
non-evolving consumer of armr resource. Figure 4A showall resultant possible food-
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web configurations 4 to f) and summarizes the transitions between them. Figure 4B
shows EDAs for the predator trait valuggldhow these correspond to the various possible
food-web configurations. A single predagpecialized on one resource speceesn Fig. 4)

will evolve to the branching pointb(in Fig. 4). There it can split into two species, one
evolving towards specializing on that resseiand another specializing on the non-evolving
consumer ¢ in Fig. 4).

According to the classification scherabove, the food-web configuratianis partially
restoable (as in Fig. 2D), since one of thetinction projections falls into its EDA, while
the other one falls outside of it. Specifically, egtion of the top predator (species 2 in Fig.
4), which is specialized on feeding on ti@n-evolving consumer, will change the commu-
nity into configurationa in Figure 4. From there, the remiaag predator will evolve to the
branching pointo and restore the second predatorrafiigergent adaptation. On the other
hand, if the resource specialist (species Eiq 4) goes extinct, the community will enter
the EDA of an alternative evolutionary atttor. Immediately after this extinction, the
community is in configuratiord . Even if specialized on feed) on the non-evolving con-
suner, the emaining top predator still has thapacity to evolve tward feeding on the bas-
al resource. Due to the relatively highuadance of the now unuséasal resource, the
predator will evolve along the mononphiic diagonal towards higher values of While
increasing its efficiency ofeleding on the abundant basal reseuit will itself increase in
population density. Even if it kemes a slightly less efficiepredator of the non-evolving
consuner, the incresed density of this predator will exert such a large negative toll on the
non-evolving consumer that the lattgill go extinct (transition from poine to € in Fig.

4). The top predatowill then continue tespecialize on the basals@urce, finally reaching
configuration f . The community has now been alteiadan irreversite way: a new top
predator, corresponding to species 2 in configuratipoan neither re-evolve nor reinvade.

If the non-evolving consuar may reinvadéhrough occasional immigration from out-
side the community, the dimorphic CSS at configuratiowould become restorable. After
extinction of species 2, the non-evolving consumeuld still be driven to extinction as de-
scribed above. It would be unalibo reinvade until the singvolving predator has become
mostly specialized on the basakource (around configuratioh, with z close to 1). After
invasion of the non-evolving consem(within the interval of the @wnomorphic diagonal
marked with a black outline in Fig. 4B), tatemmunity will be situad within the EDA of
the dimorphic CSS. In fact, under these ctiads the EDA of the dimorphic CSS will in-
clude the EDA of configuratiorf , so that full restorability of the dimorphic CSS follows.

The two possible evolutionary restoratiprocesses dlined above are qualitatively
quite different. After extinction of the top padr, the remaining consumer has a relatively
short path to the branchiqgint from which the dimagrhic CSS can be restored-(b-c in
Fig. 4). If the non-evolving conswen goes etinct, however, the restoration path beesm
much longer and involves a secondary extinction and a necessary reinvhseie' - f -
a-b-c inFig. 4).

DISCUSSION

In this study we have shown how evolutiondgmains of attraction (EDAS) can be defined
and applied to characterize the evolutionattainability and restability of ecological
communities. The EDA approach helps undedterhy evolutionary attainability does not
imply evolutionary restorability: even if a wonunity of species may be attained through
successive evolutionary branching from a sngtecursor species, gradual evolution after
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extinction may not be able to connect to sachevolutionary pathway, and yntherefore

be prevented from evolutionirrestoring the original community. The EDA approach has
also allowed us to highlight ¢hdiversity of long-term implidgons of extinctions in dimor-

phic ESS communities. In the examples studied, the frequency-dependent selection pres-
sures governing the evolutionary dynamicseafiem ecological interactions. The richness

of evolutionary pathways and outcomes, andfdice that these can Beund even in simple

model food webs, underscore tleological interactions among species play a key role in
shaping community evolution e wake of extinctions.

Generalizations of the EDA approach

While our illustrations above have focusaadl applying the EDA approach to studying the
attainability and restorabilitgf dimorphic ESSs, the conceptiefinitions, and methods we
have introduced here are readily applicabledmmunities with more than two species and
with more than one trait per species. Aseaample, Figure 5 provides a schematic illustra-
tion of a fully restorable trimrphic CSS. The only complicati is that conditions for evolu-
tionary branching in higher-dimensional traiasps are slightly more complicated than in
one-dimensional trait spaces (since the mutonasibility of incipient branches has to be
checked separately, no longer being simplplied by convergence stability and the ab-
sence of local evolutionary stability). Natlliyathe species coevolving in a community also
need not share the same trait spaces ands§triunctions. The restorability of species
through evolutionary branching will then of couise confined to subsets of species that do
share trait spaces and fitness functions. Finalgg non-equilibrium evolutionary attractors,
such as evolutionary limit cycles (Dieckmagtral., 1995; Dercolet al., 2006) and chaotic
evolutionary attractors (Dercod:nd Rinaldi, 2008) can belgacted to the EDA approach.

Immigration events and speciation obstacles

As indicated above, immigration events and speciation obstacles can be accounted for in the
EDA approach. Specifically, immigration che seen as a transition from ardimensional

trait space to arfn+1)-dimensional trait space and can thus be represented as a jump of a
comnunity’s n-dimensional trait combination the corresponding point defined by the

old and the 1 new trait valueBranching poits that are subje¢d speciation obstacles will

be endpoints of evolutionary trajectories, aaeh be treated as such. Evolutionary restora-
tion can thus be facilitated by immigration, but may be impeded by speciation obstacles. As
a trivial example, all ESSs in Figure 2 canrbached directly timugh the immigration of
immigrants with traits corrg®nding to the ESS trait valudsjt none of these ESSs can be
reached from a single precursor species witk@otutionary branching. When evolutionary
branching is precluded and pati@himmigrants do not posseBait values corresponding to

ESS values, the EDA approach can be usedittysbutes to ESSs that result from continu-
ous adaptation in conjunction with immigom events (Rummel and Roughgarden, 1983).

Limitations of the EDA approach

The EDA approach builds upon commonly usemtieis of continuous adaptation in quanti-
tative traits and therefore naturally shatfesr limitations. An assumption underlying these
models is that temporal fluctuations anditsgd heterogeneity do not crucially affect the
evolutionary dynamics. Ecological variables and functions can then be defined through av-
erages in time (e.g., interaction strengths) sfrate (e.g., population densities). Deviations
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from EDA predictions tht are based on averagitemporal fluctuationsan be expected to
increase with the strength of these flutimas and with the biogical nonlinearities
through which they are filtered. As long asddtastic temporal fluctuations do not over-
whelm the underlying deterministic dynamics, it is possible to incorporate them into an ex-
tended, probabilistic EDA approach by assigngngbabilities to eaclpoint in trait space

that describe how likely various ESSs areiagid through gradual evolution (in the simpler,
deterministic EDA approach, these probabilittesirse always equeaither 0 or 1). Study-

ing the likelihood for reaching different ESSstims way is an interesting topic for future
research. Since spatial heterogeneity affecology and evolution in important and com-
plex ways (e.g., Doebeli and Dieckmann, 2003), it is currently unclear to us whether or not
such heterogeneity could naturally be integrated into the EDA approach.

Connections with immigration-based community assembly

This study clarifies why evoluhary attainability dag not imply evolutioary restorability.

In studies of community assembly, a similastuliction between the geibility to reach a
final community and the possiltyf to reconstruct it through immigration has frequently
been highlighted (Pimm, 1991; Law and im, 1996; Warren and Law, 2003). In such
studies, the final communities — referred tpag., invasion-resistant communities (Drake,
1990) or permanent endpoints (Law and Morton, 1996) — are constructed through successive
invasions from a regional spies pool. Law ani¥orton (1996) distingish between perma-
nent endpoints that possess a reassemblygratithose that do not. A community with a
reassembly path can be reconstructed thrasgitessive immigration of the constituent
species. Such a community thereby posseasesherent restoration mechanism through
immigration, just as an evolutionarily resabte community does thugh gradual evolution.
Permanent endpoints that lack reassembly pathfhe other hand, can only be constructed
through invasion sequences invaolgicatalyst species that areti@again during the further
assembly process (Law and Morton, 1996nMi 1991). Such communities can be subject
to a so-called Humpty-Dumpty effect (Pimi991): once broken, they cannot be put to-
gether again from their pieces. Another, eveore severe, consequence of extinction in
communities without a reassembly path maydoenmunity closure.’ In that case, the post-
extinction community cannot be invaded hyyaspecies of the considered species pool,
which implies, in particular, the impossibility cfinvasion of those spies that vanished in
the extinction event (Lundbergal., 2000).

We can easily extend these notions from immigration-based community assembly to
evolutionary community assembly. In ESS communities that are not fully restorable, evolu-
tionary Humpty-Dumpty effects and evolutiospacommunity closures may occur when an
ESS configuration can be attaah through gradual evolutionofn a single species, but is
not restorable by these processes after éination. For example, the dimorphic CSS in
Figure 4 experiences an enbbnary Humpty-Dumpty eéfict (when the non-evolving com-
petitor is not considered to reinvade througimigration). Similar phenomena give rise to
‘evolutionary hysteresis’ effects in adaptidgnamics models of seasize evolution (Geritz
et al., 1999) and in the evolution of genetic yyabrphism in heterogeneous environments
(Kisdi and Geritz, 1999). The general prerequiitethese effects toccur, the coexistence
of several alternative evolutionarily attragicommunity configurations, seems widespread
and has, for example, been reported for exahary models of foraging behavior (Brown,
1990), predator-prey intactions (Dieckmanet al., 1995), asymmetric competition (Laai
al., 1997), and cannibalism (Dercole, 2003).
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Connections with the concept of keystone species

Keystone species, often defined as speciesatteatrucial for maintaining the organization
and diversity of an ecostem (Paine, 1966; Millst al., 1993), have attracted much atten-
tion in community ecology in general, andcimmmunity-assembly studies in particular. The
concept was placed into an evolutionary context by Brown and Vincent (1992), as men-
tioned in the Introduction. Our study suggests tana& generalizationa species is an ‘evo-
lutionary keystone’ if its removal causes a community to shift from one EDA to another.
This generalized definition captures the gist of Brown and Vincent's idea, since in their
study the removal of a keystopeedator caused a shift to dfdrent ESSs (with fewer prey
strategies). In the shared trait-space modaishave studied hereyvolutionary keystone
species are thus defined as species with dxim@rojections that fall outside of the current
EDA (Fig. 3B and 3C). If one preferred thencept of keystone species to be associated
with a positive effect on diversity, one coulestrict it to cases in which the EDA shift
caused by extinction of the keystone specigdian a further reduction in the total number

of species.

Connections with empirical studies of diversification and adaptive radiation

Evolutionary restorability can beonsidered as a particulagyrong stability notion, requir-
ing evolutionary attainability from severabsting points, as well ascological coexistence
not only in the final community but also alongethaths of evolutionargestoration. It may
be unlikely that these strict requirementschédr natural communities, especially when
these are large. Yet, if a community, or a paetebf, had this propertit,could be expected
to appear again and again.

Indications that such evolutionary detémem is indeed possible come from observa-
tions of parallel speciation in differentgamisms (Schluter, 2000; Johannesson, 2001) and
of repeated adaptive diverisétion in natural (Losos, 1994nd experimental systems
(Rainey and Travisano, 1998; Friesanal., 2004). Using the terminology of this study,
however, one may say that suetidence only corroborates tegolutionarily attainability
of the observed community configurations, amaot necessarily telling us whether these
communities are evolutionarily restorablehow their EDAsS may be organized. One way to
obtain deeper insights into the latter questisrs study how species removal or major per-
turbations alter the selection pressures on species in communities with well-studied evolu-
tionary ecology, such as tiA@olis lizards (Losos, 1994; Schoeretial., 2001). Also studies
on adaptive radiationsnd immigration history in spatiallgtructured microcosms, of spe-
cies such a®seudomonas fluorescens, may provide relevant clge Interestingly, adaptive
radiation in these bacterial microcosms is fdussif the system is itiated by an ancestral
genotype (SM, which forms smooth colonielsiit can be blocked ibne of the derived
genotypes (small-WS; known as “wrinkly spreddl is introduced into the microcosm
shortly after or before thancestral genotype (Fukaeh@l., 2007). Likewise, Rainey (2005)
found that adaptive radiation B fluorescens may lead to diffenet community composi-
tions depending on which of the derived strains the systems is initiated with. This sensitivity
to initial conditions indicatethe presence of several EDAsdasuggests that evolution will
take different courses after extinctions degiag on which of the derived species remained
in the community. If it were possible to dedate EDAs in these or other natural systems,
even in a coarse way, exciting perspectives for evolutyocammunity ecology would re-
sult.
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Connections with evolutionary restorations after mass extinctions

The relevance of insights reped here for understandingrdg-scale processes of evolu-
tionary restoration, such &isose occurring after mass extiocis (Jablonski, 1989; Erwin,
2001), is difficult to establish. It has ofteedn argued that ecologicalteractions play a
relatively small role in producing patterns foundthe fossil record (Jackson, 1994; lvany,
1996; DiMicheleet al., 2004). Instead, the importancehigtorical contingencies for evolu-
tionary processes has frequently been empbdgiGould, 1989). Yet it is interesting to note
that features highlightenh this study can be related $ome of the complex patterns found
in studies of large-scale biotic recovery.

To start with, we have seen that evolutignastoration may invek extinctions driven
by evolution (Fig. 4). Such extinctions magcar a long time after thaitial extinction and
can be seen as a small-scale analogue otad‘dlade walking” — pattern observed in fos-
sil records, describing lineages that survivessnaxtinctions only to go extinct in the subse-
guent recovery process (Jablonski, 2002).

Studies of the fossil recordsal indicate delays of severalillion years in the onset of
biotic recovery after mass extinctions, durinbich little diversification takes place (Sep-
koski, 1998; Kirchner and Weil, 2000; Erwin,@). The EDA approach draws attention to
several phenomena that may ednite to such lags in evdlonary restoration processes.
First, one may expect delays in the buildughigh diversity when ammunities get stuck at
low-diversity ESSs from whit they cannot easily escape due to evolutionary community
closure. Second, the emergence of communiigs evolutionary Humpty-Dumpty effects,
likely to be broken by extinctions, does not tesulong-lasting increases in diversity. Fi-
nally, bottlenecks in the restdiron process may result frospeciation obstacles, which
make it harder for ESS communities to be attained.

Several major extinction events in the fossetord are associated with drastic changes
of the course of evolution and the appeaeaaf new organism groups with unprecedented
forms and functions (Jablonski, 1989; Sepko0$998; Archibald ad Deutschmann, 2001).
In complex systems, one must expect thaheions, by causing a community to shift from
one EDA to another, will occasionally open avenues to multispecies ESSs with enhanced
diversity that may otherwise be inaccessfoben initial community compositions. If further
studies were to show that extimms can in this way initiatéhe radiation of novel taxa, they
would give game-theoretical suppdo the view of extinctionss crucial determinants of
evolutionary breakthrouts (Vermeij, 1987; Raup, 1994; Feduccia, 1995).

Biotic recovery after mass extinctions has been described as a process of refilling va-
cant niches and reoccupying adaptive pdbksries and Kauffmarl990; Eldredge, 1997).
This deterministic view of evolution hd®en opposed by authors who emphasize the role
of developmental and genetiorsstraints, through the consation of inherited body plans
and historical contingencies the genotypic representatiai phenotypes, for explaining
why post-extinction evolutionaryajectories do not simply seore pre-extinction communi-
ties (Conway Morris, 1998; Jaisiski, 2001). Here we have rdenstrated that frequency-
dependent selection resulting from eco-evohdiy feedback may bring about ESSs that
are not evolutionarily restorable, which hiights that evolution back to pre-extinction
community configurations may be highly comsted for other, ecobical reasons. Our
study has shown that such ecological conssaint evolutionary restoration processes can
already be observed in very simple models.
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APPENDIX A: ATTACK-RATE FUNCTION

We constructed an tatk rate functiona(z) using the functiona 4 ¥ Z° as a starting
point. This latter function has been employeddonstructing nonlineardde-offs in several
earlier studies (Meszéna and Czibula, 19igdi and Geritz, 1999; HilleRisLambers and
Dieckmann, 2003; Egas al., 2004; Parvinen and Egas, 2004).

For a trade-off to exist, an increase in thack rate on one prey must always be asso-
ciated with a decrease of th#&ack rate on the other. Tipeeviously used function, how-
ever, is not directly suitabl®r our purposes, owing to two unriséic, or at least extreme,
features pertaining tpure specialistsA=0 or z=1). First, whens<1, there is a marginal
cost, but an infinite marginal benefit, for spaist consumers to slightly increase their at-
tack rate on the alternative resource, siatf)=c. Second, fors>1, a pure specialist
that slightly increases its attack rate oa Hiternative resource will experience a marginal
cost, but no marginal benefit, siné&(0) = 0. As a result of these two observations, the se-
lection gradients for pure specialistewld always be eitr infinite (for s<1) or zero (for
s>1).

We therefore adjust ¢hattack-rate functioso that selection gradients for pure special-
ists remain finite. As shown in Figure Al, we achieve this by restricting the in{@tl
for z to [D1-D], with 0<D <1/2. We then linearly rescalé<[D,1-D] to z<[0,1]
and @ €[D°® (1- D)°] to « < [0,1], to obtain our functionz(z .) The parameteD affects
the trade-off close to the boundaries 0 and z =1 by ensuring a slope’(0) that is never
infinite or zero. In our examples, we use a small valueDiorD =0.02, which means that
its effect is mostly restricted to ¢hvicinity of the limiting trait valuez=0 and z=1. For
alternative érmulations of trade-offs with fite marginal benefits for pure specialists, see
Diekmann et al. (2005).

APPENDIX B: EDA CALCULATIONS FOR MODEL FOOD WEBS

We start by describing agsptions and notation common the specific two food-web
models analyzed in this study (Fig. 3 and Be population density of an evolving con-
sumeri is denoted byN,, and the population density of a resoujcés denoted byR, . The
attack rates of consumeron prey j is denoted by, . The parametef is a dimensionless
factor for converting consumed prey into consumers,danslthe density-independent mor-
tality rate of consumer In the absence gfredation, resource species follow logistic
growth. Time and population deties are rescaled sbat the intrinsic growth rates and car-
rying capacities of the resourcegual 1. Functional responsa® assumed to be linear. As
described in the main text, =1 means full specialization on prey 1 (i.e., resource species 1
in the first exarple, or the non-evolvingonsuner in the second example), while=0
means full specialization on resoar species 2. We therefore set,=a(z),
a,=a(l-2), a,,=a(z,), and a,, =a(l-2z,). According to the az@onical equation of
adaptive dynamics (Dieckmann and Law, 1996), we @v@) =1 x.o’°N; (z), where y,
denotes the mutation probability anrtf the mutation variance of consumier The off-
diagonal elements of the matr® are 0. For simplicity, we se&fuc” =k. For each case
studied in the examples, we derive the fitne$g,z) of an individual with trait value' in
the environment set by the resident consumers with trait valumsd equilibrium popula-
tion densitiesN, (z) .
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The two sections below describe how enmnary donains of attraction (EDAS) are
determined in the two examples. We follove ame procedure for both examples. We start
with listing the equations governing the populatitynamics. We then calculate the equilib-
rium population densities (resul®t explicitly shown below fobrevity) and use these to
derive the fitness of strateg in monomorphic and dinptic resident communities. Fi-
nally, we explain how coexistence domainsl &DAs are obtained. The following parame-
ter values are usdabroughout this studyZ =0.1, d =0.01, andk =0.1.

Example 1. Evolving consumers feeding on two resources

The population dynamics for the first examplatiwesults presentemh Fig. 3) are de-
scribed by

dR.
d_t] =R (1-R -2, o;N), (Bla)
dN.
d_tl =N, (/121' R —d), (B1b)

for j =12 andi =1 (one consumr species) or =12 (two consumer species).

By setting the left-hand side of equatidk to zero, we obtaiequilibrium population
densities as functions of the residaatt values; these are denoted, e.g. Fb{z,) , with the
asterisk ingtating equilibrium values. The invasion fithess (Metal., 1992) of an indi-
vidual with trait valuez' in the environment set by a single resident consumer with trait
value z is given by that individual’s per capita growth rate,

W(Z,2) = 2a(Z)R (z) + 2a(1-2)R(z) -d. (B2a)
With two resident consumers, invasion fithess becomes
W(Z,z) = Aa(Z)R (2) + la(1- Z)R, (z)-d . (B2b)

The sections of the monomorphic diagonal glarich a single consumer is viable are
established byN, (z) >0. The caxistence domains for two consumer species are estab-
lished by mutual invasibility (Metzet al., 1996) using equation B2aw(z,z,)>0 and
W(z,,z)> 0. For the parameter values ingkies 3E and 3F, the trait valee=1/2 is a
branching point,azw(z’,zl)/az'z‘, >0. In Figures 3C and 30hy contrast, species with
z, =1/2 are not viable. o

For Figure 3F, dimgohic evolutionary dynams are deduced using the geometric me-
thod presented by Ruefflet al. (2004) and utilized in Diekmanret al. (2005) in an appli-
cation similar to the one stigdl here. Given the linear invasion boundary and the concave
trade-off curve, continuous adaptation the dimorphic community will lead to
(z,z,) = (10) from any point in the coexistence domain. In the cases shown in Figures 3D
and 3E, there ay be a mnomorphic repellobetween the diverging traits in the dimor-
phism. In such cases, mutual invasibility canibe guaranteed, agmained in Rueffleret
al. (2004), and therefore the geometric methoy mat apply. In these cases, EDAs were
established numerically, by calating evolutionary trajectags using equation B4 in con-
junction with the corresponding aamical equations. Initial traitalues were uniformly dis-
tributed in the two-dimensioh#rait space, with distancek0 in the directions ofz, and
z,. By recording where the trajectories ohdual evolution ended ufhe EDAs were de-
lineated.
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Example 2. Evolving predators feeding on two trophic levels

The community examined in the second exampiéh(results presented Iig. 4) contains

a non-evolving consumer in addition to two n@s@s and the evolving predator(s). We de-
note the population density tife non-evolving consumer By and assume that it feeds on
resource species 1 with an attack rate of 1. The resplgotation dynamics are described

by

R_Re-R-M), (B3a)
CL—'T? =R,1-R,—-Y a,N,), (B3Db)
‘2—'\:' =M(UR - N, —d), (B3c)
% = N, (Ae,M + a,,R, —d), (B3d)

for i =1 (one predator species) b 1,2 (two predator species).
The invasion fitness of an individual with trait valae in the environment set by the
resident predator(s) is calculatedmasghe first example, which gives

W(Z,2) = 2a(Z)M’(2) + 1a (- Z)R;(z) ~d (B4a)

for one resident predator and
W(Z,2) = Aa(Z)M " (2) + Aa(1- Z)R,(z)-d (B4b)

for two resident predators.

We find that a single predator is viabl, (z) >0, along the entire monasrphic di-
agonal. We establish the coexistence donadithe three consumespecies by checking
where in the two-dimensional trait spacethiee species have positive equilibrium densi-
ties. These ecological equilibria are locally stable, which is confirmed by checking that the
eigenvalues of the Jacobian of the population dyos have negative real parts. It can also
be shown that, for any point in the coexisemomain, successive immigrations can estab-
lish the full communityLaw and Morton, 1996).

For the parameter values in Figure 4onomorphic evolution kds to a branching
point at which the predator may split uptimo species. For analyzing the subsequent di-
morphic evolution, we again uik the geometric method by Ruefflgral. (2004). Since
the invasion boundary Ifnear (eq. B4bpand the trade-off curve oncave for the parame-
ters in Figure 4, we conclude that traifues will diverge through continuous adaptation
and finally reach(z,z,) = (10) . This means that one of theo predatorspecies becomes a
top predator in a linear food &im, while the other predatspecies specializes on the other
resource.
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FIGURE CAPTIONS

Fig. 1. Evolutionary domain of attraction (EDAY a dimorphic ESS. In A, monomorphic
evolutionary dynamics occur along the diagongl=(z,), while dimorphic evolutionary
dynamics occur outside the diagona) # z,). The evolutionary dmain of attraction in-
cludes the central, dark-gray interval of thagonal, but not the surrounding light-gray in-
tervals. The ESS can be attained frormadhomorphic and dimorpbitrait-value combina-
tions within the EDA. The EDA and coetesice domain are symmetric around the diago-
nal, but only the lower partseashown here to avoid redundanby B, adaptive landscapes
(invasion fitnessw as a function of trait value) are shown for three different trait-value
conmbinations (pointsa to c) in A.

Fig. 2. Full classification of the wlutionary attainability andestorability of dimorphic
ESSs. Coexistence domains are not shown.

Fig. 3. Evolutionary domains of attraction DAs) for evolving consumers feeding on two
resources under different trade-offs. In A, the attack ¢di#® on resource species 1 and the
attack ratea (1-z )on resource species 2 are plottediagt each other for different trade

off strengthss. Different food-web configurations jBand their corregmding trait-value
combinations (C to F) are labeled b, andc. In B, the two resource species (open circles)
are connected to consumers (filled circles) by continuous lines if the corresponding attack
rates equal 1, implying full specialization.nHetwise, these connections are shown as da-
shed lines. In C to F, dark-gray regions represent the EDA of the dimorphic CSS , and
light-gray regions represent tEAs of the monomorphic CSSsandb. Dashed sections

of the monomorphic diagonalsdicate trait values for whica single species is not viable.
Dashed curved lines in E separate regionsre/tdimorphic trajectogs lead to the dimor-

phic CSS directly from regions where the diptuc CSS is reached via extinction. Parame-
ters:s =4 (D), s=2 (E), ands =1.5 (F).

Fig. 4. Evolutionary domains oattraction (EDAS) for evolvig predators feeding on two
trophic levels under differentade-offs. Different food-webomnfigurations (A) and their
corresponding trait-value conmations (B) are labeled to f . In A, the non-evolving con-
sumer is represented by a gray circle, otle¥wood-web configurations are shown as in
Figure 3. The arrows in A represent transiidoetween differenbbd-web configurations
through gradual evolution (solid arrows), ektion (dotted arrows) anvasion (dotted and
shaded arrow). In B, dark-gray regions represent the EDA of the dimorphiccC&&d
light-gray regions representaEDA of the monomorphic CS$, consisting of a single
specialist. Filled triangles indicate trait vatuat which the nonvelving consumer goes ex-
tinct (transitione-€'). The lower instance of the momorphic diagonal (with the black; -
axis on the left) correspondis a community containing the non-evolving consumer, while
the vertically displaced upper instancetteé monomorphic diagonal (with the gray-axis

on the right) corresponds tocammunity lacking the non-ewohg consumer. The interval
of the monomorphic diagonal markedth a black outline close td is the range across
which the non-evolving consumer can reideathe community. Dashed sections of the
monomorphic diagonals indicateit values for which a single species is not viable. Pa-
rameter:s =1.3.
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Fig. 5. Example of a fully evolutionarily restable trimorphic CSS. The CSS consists of
species numbered 1, 2, and 3. In A, an gtarof community evolution in shown, punctu-
ated by three environmentallyidien extinctions. The initial otnomorphic trait value is rep-
resented by a filled star. The monomorphic trajgcis represented by a dashed line, while
di- and trimorphic trajectories are represehby thin and thick continuous lines, respec-
tively. Extinctions are marked with horizohtiotted lines numbereaccording to which of
the species in the CSS goes extinct. Tralues of the dimorphic branching point are
marked with gray vertical lines and filled squares, while trait values of the trimorphic CSS
are marked with black verticihes and filled circles. In Bthe mono- and dimorphic parts
of the CSS’s EDA are shown (whereas, for theesaf greater visual clarity, the trimorphic
parts of this EDA are not shown). The entire monomorphagatal is included in this
EDA. Evolutionary trajectories correspondingth® time series in Are shown in B. Ex-
tinction projections in B are represented byniwered dotted arrows and correspond to the
extinctions shown in A. There are six redundaitror images of the trimorphic CSS and its
EDA, of which only one is shown.

Fig. Al. Attack-rate function. Té attack-rate functiom(z WYised in this study is shown as a
thick curve, with coordinate axegven by the dashed box. The functienz € 3° from
which a(z) was derived, as describadAppendix A, is shown aa thin curve, with coor-
dinate axes given by tlmntinuous straight line®arameters =2.
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Fig. 1. Evolutionary domain of attraction (EDA) of a dimorphic ESS. In A, monomorphic
evolutionary dynamics occur along the diagongl=<z,), while dimorphic evolutiongr
dynamics occur outside the diagona, # z,). The evolutionary domain of attraatio
includes the central, dark-gray interval of the diagonal, but not the surrounding light-gra
intervals. The ESS can be attained from all monomorphic and dimorphic trait-value
combinations within the EDA. The EDA and coexistence domain are symmetric around the
diagonal, but only the lower parts are shown here to avoid redundancy. In B, adaptive
landscapes (invasion fitness as a function of trait value) are shown for three differen
trait-value combinations (points to c) in A.
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Fig. 3. Evolutionary domains of attraction (EDASs) for evolving consumers feeding on two
resources under different trade-offs. In A, the attack#d#® on resource species 1 and the
attack ratea (1—z )on resource species 2 are plotted against each other for different trade
off strengthss. Different food-web configurations (B) and their corresponding trait-value
combinations (C to F) are labeled b, andc. In B, the two resource species (open circles)
are connected to consumers (filled circles) by continuous lines if the correspondiikg attac
rates equal 1, implying full specialization. Otherwise, these connections are shown as
dashed lines. In C to F, dark-gray regions represent the EDA of the dimorphic,GH$
light-gray regions represent the EDAs of the monomorphic GS&sdb . Dashed sections

of the monomorphic diagonals indicate trait values for which a single species is not viable.
Dashed curved lines in E separate regions where dimorphic trajectories lead to the
dimorphic CSS directly from regions where the dimorphic CSS is reached via extinction.
Parameterss =4 (D), s =2 (E), ands=1.5 (F).
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Fig. 4. Evolutionary domains of attraction (EDAs) for evolving predators feeding on two
trophic levels under different trade-offs.flerent food-web configurations (A) and thei
corresponding trait-value combinations (B) are labededo f. In A, the non-evolving
consumer is represented by a gray circle,mtlse food-web configurations are shownms i
Figure 3. The arrows in A represent transitions between different food-web configurations
through gradual evolution (solid arrows), extinction (dotted arrows) or invasion (dotted an
shaded arrow). In B, dark-gray regiorepresent the EDA of the dimorphic C2S ard
light-gray regions represent the EDA of the monomorphic GSSonsisting of a single
specialist. Filled triangles indicate trait values at which the non-evolving consumer goes
extinct (transitione-€'). The lower instance of the monomorphic diagonal (with thekblac
z,-axis on the left) corresponds to a community containing the non-evolving consumer,
while the vertically displaced upper instance of the monomorphic diagonal (with the gra
z,-axis on the right) corresponds to a community lacking the non-evolving consumer. The
interval of the monomorphic diagonal marked with a black outline close i® the range
across which the non-evolving consumer can reinvade the community. Dashed séctions o
the monomorphic diagonals indicate trait values for which a single species is not viable.
Parameters= 1.3
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Fig. 5. Example of a fully evolutionarily restorable trimorphic CSS. The CSS condists o
species numbered 1, 2, and 3. In A, an example of community evolution in shown,
punctuated by three environmentally driven extinctions. The initial monomorphic trait value
is represented by a filled star. The monomarphajectory is represented by a dashed line,
while di- and trimorphic trajectories are represented by thin and thick continuous lines,
respectively. Extinctions are marked with horizontal dotted lines numbered according to
which of the species in the CSS goes extinct. Trait values of the dimorphic branching poin
are marked with gray vertical lines and filled squares, while trait values of the trimorphic
CSS are marked with black vertical lines ditidd circles. In B, the mono- and dimorphic
parts of the CSS’s EDA are shown (whereas, tie sake of greater visual clarity, the
trimorphic parts of this EDA are not shown). The entire monomorphic diagonal is idclude
in this EDA. Evolutionary trajectories corresponding to the time series in A are shown in B.
Extinction projections in B are represented by numbered dotted arrows and correspond to
the extinctions shown in A. There are six redundant mirror images of the trimorphic CSS
and its EDA, of which only one is shown.



a(2)

Fig. Al. Attack-rate function. The attack-rate functiaiz uged in this study is shown as
thick curve, with coordinate axes given by the dashed box. The funé(ipn=z° from
which «(z) was derived, as described in Appendix A, is shown as a thin curde, wit
coordinate axes given by the continuous straight.liR@sameters =2.
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