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ABSTRACT

Background: The complexity and dynamical nature of community interactions maddeling a useful tool founde-
standing how communities develop over time and how they rdspoexternal perturbations. Large community-evolution
models (LCEMSs) are particularly promising, since they can address haltigieal and evolutionary questions, and can
give rise to richly structured and diverse model communities.

Questions: Which types of models have been used to study community stracitinghat are their key features andidim
tations? How do adaptations and/or invasions affect community fomRafithich mechanisms promote diverse and stable
communities? What are the implications of LCEMs for management@rskrvation? What are the key challengesder f
ture research?

Models considered: Static models of community structure, demographic community modwissraall and large e¢o-
munity-evolution models.

Conclusions: LCEMs encompass a variety of modeled traits and interactions, demogrgpaiics, and evolutionary
dynamics. They are able to reproduce empirical community strucAlready, they have generated new insights, such as
the dual role of competition, which limits diversity through contpwetiexclusion, yet facilitates diversity through speci
tion. Other critical factors determining eventual community structure ashépe of trade-off functions, inclusion of pda
tive foraging, and energy availability. A particularly interesting femtif LCEMSs is that these models not only help to-co
trast outcomes of community formation via species assembly with tfiesenmunity formation via gradual evolution and
speciation, but that they can furthermore unify the underlying invasimeesses and evolutionary processes into a single
framework.

Keywords coexistence, community ecology, community evolution, nickerth trait-based models

INTRODUCTION

Understanding how evolution shapes ecological communitieskisyoimportance for the successful conserv
tion of species and ecosystems, for predicting impactswifogrmental perturbations, and for understanding the
origin and loss of biodiversity in general. The complezity dynamical nature of community interactions make
modeling a useful tool for deriving insights about commuditnamics. This is, for example, shown by the i
creasing number of hypotheses derived from theoretical modelsaatbieen tested in community and aset
Community experimentcmaeemet al, 1994; Hectoet al. 1999; Morriset al, 2004; Dickieet al, 2011; Steineet al, 2011) Models have
also shed light on how the fundamental types of ecolb@iteractions differentially affect the dynamics of
communities, and they have been used to understand the rgieganteractions play in determining coram
Nity structurgpimm & Lawton, 1978; McCanet al, 1998; Krauset al, 2003)
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Even though the first models of ecological communities welagively simple, in that they considered the i
teraction between several given species with externally prescridaghahanging ecological niches, thosedmo
els nevertheless already produced powerful results that prdmpte insights and generated new hypotheses
(e.0., Rosenzweig, 1971, Oksaretral, 1981, Oksanen & Oksanen, 200&ince then, researchers have strived to aclievere rek
istic amount of complexity in models that incorporate populatiamadycs. This has been no trivial task. One
way to increase community complexity in fixed-niche modelsyisneans of community assemlpbgst & Pimm,
1983; Drake, 1990b; Morton & Law, 1997yVhich typically involves exposing a model community to desesf invasions by
species from an external predefined species pool.

While models of species with fixed ecological niches provide integestires about the organization of natural
communitieSe.g., Tilman, 1982; Petersen al, 2002; Cottenie, 2005)recent works have underscored that ecological dynamics
alone may not suffice for understanding community structurgple evidence for rapid or contemporary exol
tion (Coltmanet al, 2003; Yoshidat al, 2003; Olseret al, 2004; Hairstoret al, 2005; Phillipset al, 2006) SUggests that it is instructive, and
probably essential, to include evolutionary elements in modi@lsnamunity structure. The ecological dynamics
of large communities have been studied extensigaly Post & Pimm, 1983; Moton, 1997; Thébault, 2p18Nd there is a
growing body of work on the evolutionary dynamics of sroathmunitiespimentel, 1961; Rosenzweig, 1978; Slatkin, 1980
Dieckmanret al, 1995; Dieckmann & Doebeli, 1999; Gaba & Ebert, 20d8cent increases in computational power have allowed for
the simultaneous incorporation of ecological complexity anduéieolary dynamics in theoretical models. Such
an integrative approach is a promising direction of research giaagesulting modelsanaddress both ecolog
cal and evolutionary consequences emerging from diffecamtasios, and the modeled communities may more
accurately represent the structural organization of natural ecdlogitanunities.

The goal of the present review is to give an overview glel@ommunity-evolution models, in which both the
abundances and the niches of species can change over tinoentmarison, we contrast the features of these
innovative models with those of static community models, large dynaonmicnunity models, and small evel
tionary models that preceded them. Several existing reviews haeglyakcovered the influence of evolution on
food-web structureroshida, 2006; Fussmas al, 2007; Loeuille & Loreau, 2009; Loeuille, 2010b] he present work therefore aims to
go beyond food-web aspechs; accounting also for communities involving non-trophic interastibnaddition
as community-evolution models are related to community assembljels, yet differ in important ways, we
consider how the two processes of assembly and evolution interfarge communities. Finally, we suggest
applications of the community-evolution models in several areesmmunity and conservation ecology.

The article has been structured according to the key elements dffénentt modeling traditions (Fig. 1) that
precede the burgeoning study of large community-evaiutiodels. We stalty reviewing ecological commimn
ty models without any evolutionary componerisich models may or may not include population dynamics,
may or may not include changes in species number by invasibeximction, and also differ in whether the
modeled interactions are trait-based or not. We then move oni¢vrexodels in which interactions depend on
underlying traits that undergo evolutionary changes. We reviegelnithat consist of one, two, or at most a few
species with fixed ecological roles, which we refer to as small aorityrevolution models, before we review
large community-evolution models, which crucially extend smathmunity-evolution models by allowing for
changes in species number. We discuss the main assumptionsvgatethe building blocks of the aforame
tioned three types of community models. Finally, we discuskcafipns of these models, point out opdrae
lenges, and identify promising new directions for future research

STATIC AND DYNAMIC COMMUNITY MODELS WITHOUT EVOLUTION

Static community model&onenet al, 1990a; Williams and Martinez, 2000; Catéinal, 2004)and dynamic community models
(e-g. Post & Pimm, 1983; Taylor, 1988; Drake, 1990b; Law & Morton, 1996; Bastail, 2005) both without evolution, represent twn-i
portant but contrasting modeling approaches in community ecaBigtic community models consist of simple
rules that generate binary community networks with properties @@ble to those found in empirical food-web
data, whereas dynamic community models describe the demogchginige of populations as a function of the
current state of the community. The differences in model flaton and historical motivation between $iee
two approaches, and the areas in which they succeed and fail, are ditmlege

It was recognized early on that food webs differ from randetworks(conen & Newman, 1985; Proubt al, 2005;Montoya
et al, 2006) Static community models are motivated by structure rather thaendgs, and arose in an effort to
find the most minimal rules that would predict the empirically obsepreperties of real food welysohen & Nev-
man 1985) They were refinegwiliams & Martinez, 2000; Cattiet al, 2004) @after major improvements were made to tha-cat
logue of empirical food wehgaine, 1988; Sugihaet al, 1997; Martinez, 1991; Polis, 1991; Hall & Raffaelli, 1993; Winemiller & PdR96 )

A common element in these models is a hierarchy of niche values,softggested to be linked to body sizes
(Warren and Lawton, 1987; Wiliams & Martinez, 20pguch that species largely prey on species of lower niche alufer,
2005} While such a hierarchy is strict in the cascade m@deinet al, 1990) later models such as the niche model
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(williams & Martinez, 2000)allow species also to feed on species with higher niche valuglegBhetic origin is b-
lieved to be important for structuring communitiestinet al, 2004)and it has been demonstrated that phylogenetic
correlations can give rise to food-web intervality orrAatervality (Rossbergt al, 2010; Brannstrsrat al, 2011a) @ pattern
widely observed in empirical food webiiams & Martinez, 2000) These findings indicate that trait-based andwevol
tionary mechanisms are likely underlying trophic relationships, and tas¢ tmechanisms thus are a primary
organizing principle of food-web structure.

Dynamic models of interacting communities have been an imporw@rihtecology since the pioneering work
by Alfred Lotka and Vito Volterra almost one century ago, amgje from two-species models to large camm
nity models with physiological detagkosenzweig, 1978; Armstrong & Mcgehee, 1980; Yodzis, 2000; Abrards; Martviget al, 2011)
Dynamical community models have made predictions about foddstvecture, including the roles of weatk i
teractiongMccannet al,1998) OMNIVOrY (Pimm & Lawton ,1978; McCann & Hastings, 199730mpartmentalizatiomay, 1973) and
the number of trophic levelsimm & Lawton, 1977) in stabilizing large webs. Some predictions, such as thase co
cerning compartmentalization, find empirical suppr#useet al, 2003) whereas others, like those concerning low
levels of omnivory, are not consistent with later and metailkd empirical findings about natural food webs
(Martinez, 1991; Polis 1991)

Some models reconcile the aforementioned static and dynamic modfingaches by superimposing dyna
ical equations onto a community structured by an underlying staftitel, such as in the Lotka-Volterra Cascade
Model (cohenet at,1990b)Or a variety of models investigated by Williams and Martipe®s) However, while this
approach has shed light on the interaction between dynamics$racii® (wiliams & Martinez, 2006) the question of
what causes the underlying food-web structures to emerge remnaiesrwiliams & Martinez, 2000; Dunne, 2006)

Many dynamic community models have been developed in thextooftehe complexity-stability debate
(Mccann, 2000) This debate ignited after Robert May3)used local stability analysis of random community matr
ces to challenge the popular notion that complexity impliedligyalpodum, 1953, MacArthur, 1955; Eiton, 1958AN im-
portant critique of May’s result was that natural systems are not random, but may arise theooghunity-level
selection for stabilityrimm & Lawton, 1977, 1978) This has inspired the development of community-assembly sjodel
which are capable of building up large and stable communitigs, 1988; Post & Pimm, 1983; Drake 1990a,b; Law & Blackford
1992; Law & Morton 1996) These models incorporate explicit population dynamics anda¢enoaturally occurring
processes of invasion and colonization. The interaction stréegtieen two species is usually determined ra
domly or can be derived from individual-level trais. Law & Morton, 1996) Studies based on community-assembly
models have shed light on community-ecology processesasuektinction cascad@srrvall et al, 2000; Lundbergt al,
2000)and succession dynamigsw & Morton, 1996)

Community-assembly models are able to address questionshattiouhe structure and the dynamics afneo
munities. However, these models need to justify assumptiang #ie invading species that are madpriori
through the specification of an external species pool from wihiebe invading species are randomly drawn.
Moreover, as the considered structuring principle is invasi@setmodels do not account for phylogenetic co
relations and often lack trade-offs amaipgcies’ traits. Evolutionary models of community assembly may help
to overcome these limitations, since in such modetsich we will now consider for the remainder of thés r
view — the invading morphs endogenously arise from an alreadynpreseamunity phylogenetic correlations
naturally emerge, and trade-offs among traits are readily inaigubr

SMALL COMMUNITY-EVOLUTION MODELS

Models accounting for evolutionary dynamics are numerodshame been around for quite a whide., Pimentel,
1961} They represent the interactions between species as functibesitable individual-level traits subject to
evolutionary change. The determination of demographic coefficfeots heritable traits gives rise to eco-
evolutionary feedback: the change of a trait depends on theigelpogssures arising from the ecology, which
in turn leads to changes in the ecological environmenteritzt al, 1998; Fussmanet al, 2007; McGill & Brown, 2007)

In the literature, a large variety of ecologically importaait$ has been explored in evolutionary models. Some
models investigate the dynamics of general traits such as bodyr&ize al, 2008) degree of specializatiqagaset
al, 2004) and degree of cooperati@svebeliet al, 2004; Brannstrom & Dieckmann, 2006; Brannstrénal, 2011b) Other modelsni-
vestigate more systems-specific traits like cannibalis#iaole, 2003) tree heightiwasaet at, 1985) root masgo’srien &
Brown, 2008) plant defensege Mazancouret al, 2001; Loeuilleet al, 2002) OF CrypPSiS(Nilsson & Ripa, 2010) The traits themselves
can be scalar-valued (or univariate, as in the referenca®plvector-valued (or multivariate), or even function-
valued (pieckmannet al, 2006;Parvinenet al., 2006) In the last case, the expressed phenotype is specified as a fuofciion
state variable, e.g., individual size, or of an external enwiental factor, e.g., ambient temperature. Adso;
lutionary changes in many kinds of ecological interactions haga hnalyzed, including competiti@neckmann &
Doebeli, 1999) MutualiSm(Bronsteinet al, 2004y and predatiofkrivan & Diehl, 2005)
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In all of the studies above, the evolving traits are subject to tHidexnd constraints: change in a trait value
will improve one aspect relevant for survival and/or repetidn, while worsening another such aspect. Ker e
ample, in Iwasa’s (1985) tree-height model, increasingtree’s height increases competitive ability, but also
requires it to invest higher maintenance costs. Such trade-offarat@mental aspects of evolutionary ecology
and remove the possibility that ‘Darwinian demons’ (Law, 1979)arise in evolutionary models. It is interesting to
note, however, that trade-offs are ofterprisingly difficult to reveal in empirical studi@sg. Reznicet at, 2000).

Evolutionary models of small communities have been useddiessl several general questions in evolutionary
ecology. Firstthe earliest evolutionary model in ecolagyhentel, 1961vas designed to examine whether coavol
tion may stabilize population dynamics. Since then, a largdaunf other models have been analyzed toieluc
date the general influence of evolution on stability: while mstwglies have identified mechanisms through
which coevolution stabilizes population dynamigSoniemi, 1993; van Baalen & Sabelis, 1993; Hochberg & Holt, 1995; Scheziber
vejdani 2006) others have shown that destabilization is also posgibleéns & Matsuda, 1997)Second, character i
placement (evidenced by competing species exhibiting larger nickeedifes in sympatry than in allopatry) has
been investigated using models in which the niche positions and nidthes \wr two or more species are subject
to evolutionary chargy(siatkin, 1980; Taper & Case, 1985; Drossel & McKane, 19 third classical focus is to study coewol
tionary dynamics, to scrutinize the Red Queen hypothesisalen, 1973)to investigate evolutionary arms races,
and to illuminate recurrent coevolutionary dynamics arising fropragess known as evolutionary cycling
(Dieckmannet al, 1995; Gaba & Ebert, 2009f-0uUrth, processes that chareggommunitys diversity have been studied using
small community-evolution models. Evolution may have sitpe effect on total diversity, either by speciation
(Rosenzweig, 1978; Dieckmann & Doebeli, 19990 particular through a process known as evolutionary brancghéagt al,
1992) or by adaptive evolution allowing a population to survive witdeenvironment is changing, through apr
cess known as evolutionary resgaemulkiewicz & Holt, 1995; Bell & Gonzalez, 20L1pUch positive effects of evolution on
diversity are not guarantedubwever, as evolution under other circumstances may weakenkfmps viabil-
ity and even lead to its extinction, through a process known a@stiemary suicideGyllenberget al, 2002; Parvinen,
2005} likewise, evolution of one species may leadrother species’ extinction, through a process knowneas-
lutionary murdeipieckmanret al, 1995; Dercole et al. 2006)

The small community-evolution models reviewed above camskd to investigate a large array of phenomena
arising through eco-evolutionary feedbacks. They also iediadt-based interactions and trade-offs, two aspects
often neglected in static and dynamic community models withoutgwol However, they suffer from two
shortcomings. First, they consist of only a few species, whictsrigequestion of the extent to which tha-an
lyzed phenomena persist in high-diversity scenarios. Setiomecological roles of species in these models are
often prescribed, and are themselves not subject to flexiblet@rmary change. For example, in a recent model
of the evolution of a host-parasite systenmwa & Ebert, 2009) Species could evolve their traits, but they could not
evolutionarily alter their roles of being designated eithérost ora parasite. These restricted ecological roles
artificially constrain the evolutionary processes and the possibflitgvestigating important questions, such as
how new trophic levels evolve and influence a food welructure and functioning. Including such processes
requires a rethinking of the definition of trait spaces used imuamty modeling. Should such trait spaces be
unique for each species or type, or could they be mocempassing, so as to allow representing theciait
binations of all species of interest in a particular study? Ifather case, the evolutionary emergence andaalter
tion of ecological roles becomes amenable to model-basétasaas we will now discuss in greater detail.

LARGE COMMUNITY-EVOLUTION MODELS

The past decade has seen burgeoning growth in the evolutiomaisling of large communities and food
webs, with diverse approaches to incorporating explicit populatyoardics together with trait-based species
descriptions. For lack of a better name, we use the tega ommunity-evolution models or LCEpbeuile &
Loreau, 2009)t0 describe models in this class. These models often ioi@tegpshared trait spaces, in the sense that
all considered species interactions are inferred from araonlist of functional traits: while each considered
species is characterized by specifying its list of trait values, the list’s structure, and thus the total set of consi-
ered traits, is the same across all considered species. iSi@@etions among species are thus determined by
their respective trait values, and since those trait values careeénaesponse to the prevalent section pressures,
species can evolve into other ecological roles. The communittsite that eventually develops is then a eens
guence of explicit ecological and evolutionary processes. Thid €&ks firmly apart from static community
models, but also from community-assembly models in whiclstiiueturing principle is not evolution but iav
sion. Below we give a brief overview of some LCEM apphasc Their key features will be compared in the
next section.

As an early forerunner, Roughgardesvz)introduced a community-evolution model based on Lotka-Velterr
competition. Species in this model are characterized by a consinteuvalue representing their preferred r
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source type, and the interaction strength between two spegesdieon their similarity in terms of this pnefe
ence, with the interaction strength being maadimhen the two species’ preferences coincide. The competitive
ability of a species is furthermore affected by the abundance widerlying resource with a specified distrib
tion, often referred to as a resource landsgapenel & Roughgarden, 198350me later variants of this model incorp
rate two groups of species, consumers and predatess & vincent, 1987; Ripat al, 2009) In these latter models, the
ecological roles of species as predator or prey are fixhith means that they teemodels employ two sep
rate trait spaces. A related model, by Ferrigral (2002) is similarly based on Lotka-Volterra dynamics, but
incorporates mutualistic interactions. This model allows the buildfuprge communities with two groups of
mutualistic species, for example flowers and pollinators, evolvitngo separate trait spaces.

Although variants of the Roughgarden72) model can successfully capture the adaptive radiation of large
communities and food welsg. Ripaet al, 2009) evolution remains constrained by the separation of therlyimte
trait spaces; for example, a prey species cannot evolva predator species. An alternative approach utilizes a
fully shared trait space, and this allows for fundamental changelogical roles through evolution, such as in
the models by Loeuille & Loreaguoos), Troostet al (2008, and Bréannstronet al (2011c) In these models, the
shared evolving trait defining a species is its body size. Tiagiftg rate is defined as a unimodal function of
the relative difference between two spetiesdy sizes, such that a species has low foraging rates on indvidua
with much larger or much smaller body size. Using this apprdamduille & Loreauzoos) studied evolving food
webs to identify ecological factors constraining their structamel Brannstrénet al (o11c)incorporated gradual
evolutionary change to explore the relationship between congifor the initial diversification and the eventual
diversity of evolved food webs. This approach can be extetwdieestigate evolution in traits other than body
size, such as degree of specializati@famet al, 2009)0r temperature dependensegeret al, 2009)

Ito & Ikegami (2006) and Itoet al (2009) also considered a shared trait space, but with abstract traitsthstich
each individual is characterized by two continupuslued traits characterizing its profile as prey and predator,
respectively. Similar to the models above, the foragingafatme species upon another depends on the distance
between the two speciesaits; however, in their model, the predator trait can evolvéyfreith respect to the
prey trait. In spite of the relative simplicity of this two-dimemsil trait space, complex food webs emerge
through gradual evolutionary change and evolutionary brandhitige predator trait, as well as in the prey trait.
These models thus shed light on factors that favor community cexity| including intermediately strong
predator-prey interactions, similaompetitive interactions across the community, and functional resgahat
are close to ratio-dependent.

Another abstract, but much more complex, trait space is expiortk WebWorld mode(caidareliiet at 1998;
Drosselet al, 2001) Here a species is described by a binary string representingetbenpe or absence of features
that can affect interspecific interactions (€rgpcturnal vs. diurnd), defining a potentially very large, but finite,
pool of possible species. The interaction strength between ®etespwith binary stringe andu, respectively,
is obtained by a bilinear forna = v'Mu, in which the matching matrid is antisymmetric, with randorale-
ments determinedt the beginning of a model run. New species are introduced as miiféerisg in one binary
feature from their parental species. The antisymmeti ehsures that a species does not interact with itself, as
it requires that all diagonal elements are z&hen there are no other zerosMn(asis the case in published
applications of the WebWorld model), a species interacts as presigicey with all other species. An optimal-
foraging model component then restricts which of these potenBdator-prey relationships are actuakg+
ized in themodeled community’s population dynamics. This latter component turns out to Ipeitant for the
stability and diversity of the resulting communityosselet al 2001, 2004; Quincet al, 2005) Similarly to the WebWorld
model, Yoshidazoos) assumed that species interactions are controlled by an albsatace string. In contrast to
the WebWorld model, howeveY,oshida divides species into plants and animals described byeparate trait
spa@s with species being prevented from traversing from one oétbpaces to the other.

The matching modeRossberet al, 2006) is another example of a model in which two binary strings déterm
speciesprofile as predator and prey. Again, feeding relations éetvspecies are defined by their relative body
sizes, but rather than using body size to inform populatioardigs, the body size is directly related to the-sp
ciation rate. As a consequenaespecies’ speciation rate is directly correlated with position in the resultant
food web. This model does not incorporate population dynamiespite these simplifications, the matching
model gives rise to food webs whose statistical features areod general alignment with empirical data.
Rossberget al (2008) later introduced a version of this model with explicit populatignamics and continuous
trait vectors in lieu of binary strings. This model was usedudysscaling relationships between body masses
and species abundances in multitrophic communities.

While the above portrayal of LCEMs is not meant to be exhauee, for example, the tangled nature model
of Christenseret al 2002), it highlights how this class of models can simultaneoastpunt for ecological eo-
plexity and evolutionary dynamics, and it illustrates the vaidétyways in which models can produce food-web
structures that agree with empirical observatiarismportant aspects.
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COMPARISON OF KEY FEATURES OF LARGE COMMUNITY-EVOLUTION MODELS

As can be seen from the examples above, there are many apfifieeences in how models of large comriun
ty evolution are constructed. We now contrast the keyfeatof LCEMsTable 1 shows how characteristics of
the models considered above compare in three key areas: traitstenadtions, demographic dynamics, and
evolutionary dynamics. In what follows, we discuss each of thesses in detail.

Traits and interactions

The models surveyed in the previous section differ in wdratiaits are assumed to be discrete or continuous.
In the former category, we find the tangled nature modeltlmdVebWorld model, which are both based on
binary strings. In contrast, the models by Loeuille & Loreaus, 2006) BrAnnstrom et aloi1cy and Ito &
Ikegami (2006) are based on continuous traits. Falling in both domaingrigmal matching modegRossberet al,
2006)is an example of a model that combines discrete and continadieshinary strings for a specigwofile as
prey and predator, and body size as a species property thagesnfundamental constraints on trophic irtera
tions.

A related aspect in which LCEMs differ is the dimensionality of thresilered trait space, which can be one-
dimensionakTroostet al, 2005; Loeuille & Loreau, 2005; Brannstréanal, 2011c) two-dimensionadno & lkegami, 2006; Trooset al, 2008;
Ingramet al, 2009) Or have much higher dimenSiOHauRﬁssbergat al, 2006; Caldarellet al, 1998; Drosseét al, 2001; Christenseet al,

2002)

Related to the representation of traits is the way in which indiMicrits give rise to interactions. To avoid the
emergence of a ‘Darwinian demon’ (Law, 1979) all models must explicitly or implicitly incorporate trade-offgth
the precise details differing from model to model. Threed&mental groups can be discerned: the interaction
strength between species pairs may depend on binary traitsrandom matching matrix (tangled natored-
el, WebWorld model)on the similarity between continuous traits (resource-compretithodels, matching-
model variants, and the Ito & Ikegami moded},on empirical or physiological principles associated with the
considered continuous traitseuille & Loreau, 2005; Brannstroet al, 2011c)

A further distinction comes from the types of interactions that ansidered. Most models mentioned above
include trophic interactions, but some models additionally irchlidect competitive interactionseuille & Loreau
2005, 2006; Brannstrort al, 2011c) OF mutualistic interaction@erriereet al, 2002) Thus far, no LCEM has considered all of
these interaction types togethgt see Loueille, 20106y @n important omission, considering that all three interaction
types are simultaneously present in natural communiti@sineet al, 2011)

Demographic dynamics

LCEMSs can also be classified according to the modeled typensbgraphic dynamics. The resource compet
tion models and the models by Loeuille & Loregaws)and Brannstronet al (2011c)are based on the classictto
ka-Volterra equations with a linear functional response, while ther sttodels employ nonlinear function&-r
sponses. The use of nonlinear responses and adaptive fonzgynglay an important role in enabling the latter
models to create and sustain large and diverse communities.

Adaptive foraging means that predators allocate their effort®te abundant and/or more profitable preg-sp
cies, thus offering a dynamically emerging refuge to any prey speaiestives toward the brink of extinction.
Thus, adaptive foraging has a stabilizing effect on populatioardics, facilitates coexistence of different types,
and is thereby conducive to the formation of larger communiti@Selet al, 2001; kondoh, 2003)A few studies have
compared the effects of different functional responses in thieextoof LCEMS(e.g., Drosset al, 2001; Itoet al, 2009)
and have found that nonlinear functional responses and adapthggnfp are often critical for the evolution of
diverse communitie@oeuille, 2010a)

A few aspects that are commonly studied in ecological modeigeate be explored in LCEMs. Theselude
age- and stage-structured populations, environmental andgdaphic stochasticity, as well as spatially stru
tured populations (but see Rossbetal, 2008, for a metapopulation model). Such aspects have abead
included in small community-evolution modeds., Doebeli & Dieckmann, 1999, 2003; Johansson & Ripa, 2006; Nils&ipa 2010)
indicating that the corresponding extensions to LCEMs are feasib

Evolutionary dynamics

There is a striking diversity among LCEMs with respect to kewlutionary change is modeled, with a eerr
sponding diversity of assumptions underlying the diffeegmgroaches. In the LCEMs we have reviewed,evol
tion has been modeled as a diffusion process in trait gpageegami, 2006) as point mutations in binary strings
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(Drosselet al, 2001; Christenseet al, 2002) &S changes in the contributions of allelic effects in stringsida 2003), as small-
to-large mutational steps in continuous trait valgas Loeuile & Loreau, 2005)0r as gradual mutational steps imeo
tinuous trait valueg.g., Ripaet al, 2009; Brannstrérat al, 2011c)

In general, evolution can be modeled using either smddirge mutational steps, and can be described-as e
ther as a deterministic arstochastic process. When trait combinations are described asyadiirag(e.g., calde
elli, 1098) evolution is necessarily modeled using large mutationpksighereas models with continuous traits
can assume mutational steps of variable size, or consideragjehlutionary change only, such as in models
that employ the canonical equation of adaptive dynamicsipet al, 2009) In the models that we have reviewed,
those that assume large mutational steps also consider stotfa#séicolution. Conversely, models that assume
small mutatioal steps typically consider deterministic trait evolutiawith the model by Brannstroet al (2011
which assumes small mutational steps and considers stochastic traibeydlustrating a third combination.

Some models assume that the trait distribution of a species contaireerdya few trait combinations at any
given time, resulting in communities known as oligomorpifi. bieckmann, 2007) Such oligomorphic trait distr
butions underlie adaptive dynamics theory and are therefore oftemed$n models employing this framework
(Ripaet al, 2009; Itoet al, 2009) In contrast, a fully continuous distribution of trait combinatianthin a population is
assumed in only one of the models we have revigwedkegami 2006) although this is a common assumption in
the quantitative genetics theory of gradual evolutiaite, 1982) In two other modelsroshida, 2003; Loeuille & Loreau,
2005), frequent and large mutational steps, in conjunction witthsigtic trait dynamics, give rise to polymorphic
distributions of traits.

All LCEMs require the formation and coexistence of newcigse but only the tangled nature mogelistenseret
al, 2002)incorporates sexual reproduction. While this common siiogtibn is understandable in light of theé-a
ditional computational complexity sexual reproduction addsotomunity modelsfuture research needs td-a
dress this indisputable extra factor structuring most natural coitigsu

LESSONS LEARNED AND CHALLENGES AHEAD

Mechanisms promoting the evolution of community diversity

A clear advantage of LCEMs over community-assembly models is #atdth not need to mala priori as-
sumptions about the invading species used to build upgcaldiversity. While some debate exists abalit a
visable relative investments into ecological detail and genetic detaibdels of evolutionary ecologyg. waxman
& Gavrilets, 2005, including responsgsiill communty-evolution models agree on including diversification processes and
their ecological determinants are key ingredients. Therefarg, pfovide unique opportunities for studyiogn-
ditions under which diversification occurs, and conversely, helmdenstand constraimbn the emergence and
mainteance of diversity in ecological communiti@sannstromet al, 2011c) Such constraints emerge from th@-ec
logical and evolutionary ingredients considered in an LCEM.

One example of how diversity depends on ecological and tameduy forces is the effect of competition.
While competition has traditionally often been conceived asitignithe number of sympatrically coexisting
speciesGause, 1932; Timan, 1982/more recent research has highlighted how competition actygilyaas necessary
to obtain diversity in community-evolution models, becauseoinotes speciatiofioeuille & Loreau, 2005; Ito & Ikegami,
2006; Yoder & Nuismer, 2010; Brannstréen al, 2011c) The crucial role of competition for the emergence of iberdity is
supported by experimental studiesiney & Travisano, 1998)as well as by empirical data suggesting niche displac
ment/limiting similarityabrams, 1983) A second example is provided by increased availabifignergy, a purely
ecological factor that has been shown to promote vertical divémségsured by the number of trophic levels),
both in community models without evoluti@ksaneret al, 1981; Oksanen & Oksanen, 2008Nd in community-evolution
modelS(Drosselet al, 2001; Loeuille & Loreau, 2005; Brannstrimal, 2011c)

With regard to evolutionary components, it is important te ibat the dimensionality af community’s trait
space does not directly affect the emergence of diversity. Highsity can be obtained in models utilizing only
a one-dimensional trait spag@oostet al, 2005; Loeuille & Loreau, 2005)a two-dimensional trait spage & ikegami, 2006;
Ingramet al, 2009) OF many trait dimensiongaldarelliet al, 1998; Drosseét al, 2001; Christenseet al, 2002; Rossberet al, 2006) It has,
however, been shown that the shape of trade-off functions is ciitic&volutionary branchingie mazancourt &
Dieckmann, 20049)and thus for the adaptive diversification of communities, indicating that cenais &f trade-offs
may be important for the evolutionary build-up of commermmunities.
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Relating traits with interactions and defining trade-offs

Models based on one or two concretely identified traits (asdbhody size) assume that these traits playna do
inant role in determining ecological interactions. The advantagascbfan approach are twofold. First, because
the traits are concretely identified, it is easier to derivectiteesponding trade-offs from empirically supported
ecological or physiological assumptions. Second, becawsecsmcretely identified traits can be measuned e
pirically, the modelscan be falsified in terms of their assumptions or their predictiéis. example, two s
sumptions of the Loeuille & Loreawoos) model can be empirically justified: the assumption that predatars wil
preferably feed on a restricted range of prey body sizes thatraléer than themselv@sohenet al, 2003; Emmerson &
Raffaelli, 2004; Berlovet al, 2004) and the assumption that body size also effects basic reprodratsnand mortality
rates(peters, 1983; Brown, 2004 Similarly, when the considered trait refers to the degrespetialization or vulner
bility, trade-off functions may be based on optimal-foragingumentsito & Ikegami, 2006; Kondoh, 2003)

One criticism of models based on one or two trait dimensions ishisiatmatch with reality could be limited,
asinterspecific interactions in nature are bound to be affected by tratsy However, static community models
without evolution thatise a onedimensiorl niche hierarchy have been relatively successful at reproduging e
pirically observed food-web structurggiiams & Martinez, 2000)Real food webs are close to being intereal §toutfer
et al, 2006) Which could be indicative of a low-dimensional trophic nichace, a high-dimensional trophic niche
space, or frequent speciation evemntssbergt al, 2010; Brannstrénet al, 2011a) It iS also conceivable that the effective
dimension of trophic niche space is low even if many traits détertrophic interactiongossbergt al, 2010)

An alternative approach within the LCEM framework, close initsigirwhat is done in statistical physics, is to
consider a large number of traits and to obtain the evolutiahargmics as emerging from variations of this
large sete.g. Drossett al, 2001) In such models, trade-off functions are not directly defiirestead, it is usuallysa
sumed that activation of one trait implies inhibition of another trait.

Understanding invasions and adaptations as drivers of community formation

Both community-assembly modelsg. Post & pimm, 1983and LCEMs assume that the modeled communities are
exposed to a series of invasions by new morphs not curgetent in the community. While invadersciom-
munity-assembly models are uncorrelated with the resident commimiiders in LCEMs are often mutants
that differ only slightly from their resident ancestdfigure 2 illustrates how tlsetwo alternative approaches
lead to different community structures. In Fig. 2a, th@maoinity has been assembled through invasions from an
external species pool. The resultant community is wide tpdarther invasions. After more species hate a
tempted to invade, the ranges of trait combinations that can sudlyessfade have shrunk (Fig, 2b), but the
community still remains susceptible to invasions. If the conitypimstead undergoes gradual adaptive evolution
starting with a random collection of species, the picture is vergrdiff: after a while, evolution comes to a halt,
with all resident species situated on invasion-fithess peals@bheight (Fig. 2c). There are, however, still trait
combinations with which invading species could successfully ergeetultant community. Combining the two
processes of invasion and adaptation finally leads to a commuattistbompletely closed, in the sense that it
cannot be invaded by any additional species (Fig. 2d).

Asillustrated by the figure, invasions are not fine-tuned, thogd cannot place species exactly on any fithess
peaks that happen to exist. Gradual adaptive evolution, in tumotcaross valleyg the fitness landscape. The
combination of both processes, therefore, more easily leadsnimumities that are completely closed todnv
sion, i.e., to a globbl evolutionarily stable coalition. Note that the distinct fithess peakniches, that are Vs
ble in Figs2c-d, are not prescribed model ingredients, but are an emenggmar{y of the eco-evolutionary @r
cess.

While only those community-assembly models that are trait-beaedeadily be extended to include ewvol
tionary processes, all LCEMs can be extended to include owvasbcesses. Thus, LECMs have the potential to
serve as a framework for the conceptual unificabbcommunity-assembly models and community-evolution
models. This integrative approach can potentially shed newdigiseveral research questions, such asxhe e
tent to which speciation is driven by species divenrsigyemerson & Kolm, 2005and the relationship between the rate
of species invasions and local extinctiang saet al, 2002) With more phylogenetic data becoming available
Wiens, 2004; Urban & Skelly 200future applications of LCEMs may help with interpreting phylagenpatterns in
communities that have emerged as the result of adaptive radiations igvbbtim invasions and adaptations.
Theycanalso be used to investigate trait distributions in ecologimamunities and to study selection pressures
oninvasive species after their introduction into novel habitaiss et al 2006)
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Comparing community-evolution models with empirical datasets

Indicators of ecological community structure based on binaryeictiens are being widely considered, both in
empirical and in theoretical studieSuch indicators are often taken from graph theoryancet al, 2003; Krauset al,

2003; Thébault & Fontaine, 2010; Fontaieeal., 2011) We know, for instance, that empirical trophic webs often tenbe
compartmentalized, while empirical mutualistic webs terlgetmestedpost & Pimm, 1983; Drake, 1990; Morton & Law, 1997)
Recovering these and other commonly found statistical featureatafal community structures by devising
suitable models has been a major goal of ecological research, engkailh which static community models
without evolution seem to succeed quite weilliams & Martinez, 2000; Cattiret al, 2004y Some LCEMSs succeed in this
challenge toqLoeuille & Loreau, 2005; Rossberg al, 2005) Which raises the question of how to assess the various-mode
ing approaches in light of the empirical data.

Recently, McGill (2010) claimed that testing biogeographical nsodsing species-abundance distributions
was of limited relevance, because too many different modsilsg wery different ingredients, were able & r
produce key features of the observed distributibesce, additional tests are necessary to tease apart thie diffe
ent models. We expect a similar difficulty to arise when coingahe community structures predicted by static
community models and LCEMSs: since many static community moa@ilsns & Martinez, 2000; Cattiret al, 2004) and
LCEMS (Loeuille & Loreau, 2005; Rossbeeg al, 2006)are able to reproduce empirical web structures adequately, adHition
tests have to be devised and undertaken to assess the relativef these community models, and thereby, of
the theories and assumptions on which they are built.

LCEMSs have a verifiability advantage over static community modelfainthe latter are limited to producing
binary structure (interactions between species are either absersent), whereas community-evolution ano
els that include population dynamics yield quantitative predictasristeraction strengths and of the relative
densities or biomasses of species. Most LCEMs can, for exarapteduce skewed distributions of interaction
strengthsa pattern known to be present in many food-web dategetsine 1992, Goldwasser & Roughgarden L983edc-
tions of the dynamics of densities or biomasses throughntiayealso be used for empirical tests. Further, when
these models are based on concretely identified traits, moditect trait distributions can be directlyre
pared with their empirical counterpagtseuile & Loreau, 2006; Rosslgpet al, 2008, Troosét al, 2008)

Finally, we note that most static community models use commeoile parameters (such as diversity and
connectance, most commohls input to obtain other quantitative indicators of community structuratpsto
leaving unexplained thérmer’s origin. In contrast, LCEMs may help understand the origidieérsity and
connectance as emergent properties of the considered eco-ewalupoocessLoeuile & Loreau, 2005; Beckermaet al,

2006; Petchegt al, 2008).

Community-evolution models and the stability of ecological communities

Recent ecological threats such as global warming and a rapidlyngrdwman population mean that now,
more than ever, it is important to understand the conditions wideh ecosystems may persist and remain st
ble. There are experimental, empirical, and theoretical reasahimkaothat evolution may affect the stability or
the dynamics of populations constituting ecological communitieanlexperiment, TakebitY oshida ad col-
laborators showed that evolution strongly influences popula&tjofes voshidaet at, 2003y Empirical dataon lem-
ming cycles suggest that adaptations to food quality may l@arean important cause of such periodic flaetu
tions (seldal, 1994) The question of the influence of evolution on stability haesnbextensively studied in small
community-evolution modelgan Baalen & Sabelis, 1993; Ferriére & Gatto, 1993; Doebeli & Koella 199%ws & Matsuda, 1997; Fussmaetn
al, 2007) While a general message is difficult to discern, it has baggested that evolution of prey vulnetabi
ity/defense is more likely to destabilize population dynamidsile evolution of predator consumption is more
likely to stabilize itabrams, 2000) LCEMSs offer an open opportunity to study these and relatedtipns in a réa
istic context of fully fledgeaological communities.

While small community-evolution models allow us to discowey ingredients that change the effects of evol
tion on stability, such as spatial heterogeneity, nonlineatifumal responses, or trophic position, it is important
to study the same questions in more complex settings. Ommrsathat the number of feedback loops is limited
when considering just two species, while many indirect effectdragmag stability occur in larger commun
ties. Another reason is May’s (1973) demonstration that diversity is an important component of thelistadi
communities, with larger communities tending to be less stable.

Already, LCEMs seem to be producing different results compaittdsmall community-evolution models+
garding the effects of evolution on stability: in geneitad, ¢ffects of evolution on stability are very diverse and
are currently far from being obvious, leaving open sughomant questions as whether coevolution stabilizes
population dynamiCSSaloniemi, 1993; van Baalen & Sabelis, 1993; Hochberg & Holt, 1995e®eni& Vejdani 2006)0r destabilizes pap
lation dynamicsabrams & Matsuda, 1997)In contrast, LCEMs including the WebWorld modelince et al, 2005)
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Loeuille & Loreau’s model (Loeuille & Loreau, 2005; Brannstroet al, 2011c)and Komloh’s model (kondoh, 2003)all produce
complex and fairly stable assemblages. One plausible reason fir tihég evolution in these models produces
skewed interaction-strength distributianuile, 2010s) which is known to be stabilizing in real food wetagcann
etal, 1998) However, satisfaction with LCEMs for providing a simple answéhitotricky question must be qiral
fied by recognizing that natural communities contain many kindstefactions beyond the trophic interactions
typically emphasized in these models. It has been suggested that imitieinteraction communities, evo!
tion may be stabilizing when diversity is low, but destabilizing glhdrilevels of diversity (Loeuille 2010b).

What lies ahead: conservation and management

Interactions between organisrare not only shaping ecological coexistence and the strudtemmunities,
but may themselves change in response to the selective prassyré@mpose. The conservation and manag
ment of populations can benefit from these insights. In paaticalgood understanding of the demography and
evolution of large communities may allow predicting what effegenadpecies or environmental changes will
have on the dynamics and composition of ecological commsin@igch an understanding may be imperative in
times when species displacement is being considered a possibleohedtigating the detrimental impacts of
climate changewilis et al, 2009; Thomas, 2011)

There are many instances in which the translocation of a specilesitadarge-scale modifications of ecglo
ical communities because of interactions between community aatiemary dynamics. One of the more well-
known examples is the introduction of the cane t@do(marinu$ in Australia. In 1935, some 3000 specimens
were released in northern Queensland in an attempt to managaitleecane beetl®érmolepida albohirtumn
a pest of sugar canewver, 2001) Not only did the toads fail to control the pest they wergesgd to preyipon,
but they rapidly invaded western Australia and became a pest thess@lgo & De Leo, 1998) Evolution matters
to understand the different steps of such invasive dynamics. thigsplasticity in theoad’s behavior played a
critical role in thé propagation. Second, the invasive speed of the cane toadscheased over the years
through adaptive changes in leg lengthipset al, 2006) The cane toad is not the only example of an invasiee sp
cies for which adaption has played a major role; similar conclutians been reached for other invasive nfga
iISMS (Blossey & Notzold, 1995; Colautsit al, 2004; Joshet al, 2005; Liu & Stiling, 2006) Evolutionary responses may also bringanv
sions toa halt. For instance, the evolution of soapberry bugs seeimsriEase the resistance of recipientneo
munities to invasiolby exotic vine species in Australi@rroliet al, 2005) Although evolutionary effects are nator
ously difficult to disentangle from other adaptive processes or spegikgement dynamics, many results now
suggest they may play a critical rake understanding issues related to invasion and conservatiedeliet al,

2003; Muller-Schareet al, 2004)

For exploited populations, a body of published work isidiating the evolutionary effects of selective hatves
ing (Koskinenet al, 2002; Coltmaret al, 2003; Barokt al, 2004; Olseret al, 2004, Poot al, 2010) In many cases, models have shown
that exploitation imposes a selective pressure on the targetgdssfiemature earlier and at a smaller size, and
this expectation has to some extent been confirmed by the anafysesesponding trends in empirical data
(Barotet al, 2004; Olseret al, 2004) AS LCEMSs suggest that body size can play an important role in detiegnecologr
cal interactions and the resultant structure of food wiebsile & Loreau, 2005; Rossberg al., 2008; Brannstronet al, 2011c)
evolution of body size due to selection pressures exbytddiman exploitation may cascade through commun
ties with largely unknown consequences for the maintenance efsiivand the functioning of natural ecesy
tems(Laugenet al, 2012)

Dunneet al (2002) show thata sequential removalf species may entail the rapid collapse of a whole food web,
in particular if the removed species are very connected. Howéigintuitively plausible expectation may not
apply if species can adapt and reorganizé& ttoed webis feeding interactions in such a way as to prevent the
secondary extinctions. Such a reorganization of interactions may fesultbehavioral changes, phenotypic
plasticity, or adaptive evolution. It is feasible to model thesegss®s using evolutionary food-web models
Kondoh, 2003) Alternatively, there may be scenarios in which species ewnlliinders, rather than promotes, the
persistence of species. Evolutionary suigigiinen, 2005\and evolutionary murdeé.g. Dercoleet al 2006, Ferriéret al,

2007) are two known ways through which species evolution leadstitecégns. In the context of a large comm
nity, these mechanisms may still operate, and if they do, tHeierease the vulnerability of such a community
to secondary extinctions. Future developments of evoluyamadels of ecological communities in general, and
of LCEMs in particular, have the potential and capacity to addwads conservation and management issues,
while models that do not take into accounts traits and their ewolafibremain fundamentally limited in these
regards.
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Discrete vs. continuous traits

One vs. several trait spaces

Ecologically interpretable vs, absiract traits
Trophic interactions present vs. abscni
Competitive interactions present vs, absenl

Mutualistic interactions present vs. absenl

Linear vs. nonlincar functional response
Static vs. dynamic foraging behaviour

Single vs. multiple resources

Gradual evolution vs. large mutational steps
Deterministic vs. stochastic trait dynamics
Oligomorphic vs. polvmorphic trait distributions

Genetic vs. traits

[1] Each species has a unique associated trait
[2] Linear functional responses are studied for comparison
[3] Resource species undergo evolution

Table 1: Overview of characteristic features of selected large commamaiition models. Features arepr
sented in three groups, encompassing traits and interactiojsd@gapographic dynamics (middle), and exol

tionary dynamics (bottom).
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Figure 1. Schematic illustrations of the community models consideredsrekiew. We start out by surveying
static and dynamic ecological models, which do not possess an enatytcomponent. After this, we move on
to evolution in small community models. Finally, we review éagpmmunity-evolution models (LCEMs),

which synthesize elements of all aforementioned model types.
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(b)

(d)

Invasion fitness

Figure 2: Invasion-fitness landscapes of assembled and evolved commuHitgeSlled circles indicate the trait
combinations of resident species in four ecological communitie i@ a two-dimensional shared trait space
spanning the horizontal plane. The height of the colordaiat any given point in the trait space thusesorr
sponds to the initial growth rate that a rare species with thoseahaés would have on average, were itrte i
vade the system. Areas with positive invasion fitness (bright<oe open to invasions, whereas areas with
negative invasion fitness (dimmed colors) are closed tosioma. Populations of the resident species are a
sumed to be at ecological equilibrium, and accordingly havewvasion fitness of zero. The community in (a) is
the result of just a few invasions from an external species pool. The community’s state after a larger number of
invasion attempts is illustrated in (b). In both (a) and|ésge parts of the trait space can still be invaded. The
community in (c) shows the result of gradual evolutiog,, écom the original five species in (a). Throughdyra
ual evolution, species climb the fithess landscape, with gfiglumovement coming to a halt when each species
becomes situated on a local peak of the fithess landscape. ws Bh(r), the resulting landscape may stilheo
tain unoccupied peaks. A species from an external species puoalipgosuitable trait combinations may invade
the vicinity of such unoccupied peaks, through subsequentajradolution reach the peak, and thereby reduce
the peaks fitness to zero. Such an outcome is illustrated in (d), whickvs a community that is the result of
repeated invasions and gradual evolution, and which in thisen&as become closed not only to furtherainv
sions, but also to further adaptive evolution. The moddetying all four panels is a simple Lotka-Volterra
competition model with trait-dependent carrying capacity and cdtiopekernel: the former is given by the
positive part of an upside-down bivariate unit parabokifily) = max(0,1(x*+y?)), and the latter by a bivariate
cubic exponential functiorg(dx,dy) = expEsqrtdx+dy?)/c)?), wherec is chosen so that the standard deviation
of ais 0.3. The invasion fitness at the trait combinatigg) (s then given by(x,y) = 1-ng(x,y)/k(x,y), where
Ner(X,y) is the sum ofa(x—x,y'—y)ne(X',y") over all resident specieg',§') with equilibrium densitiesi(x'y"),
where the latter are set so tfit,y') = O for all resident species.
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