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            APS/123-QED On the metapopulation dynamics of autocatalysis: extinction transients related to ghosts Josep Sardany´ es 1, * and Ernest Fontich 2 1 Complex Systems Lab (ICREA-UPF), Barcelona Biomedical Research Park (PRBB-GRIB) Dr. Aiguader 88, 08003 Barcelona, Spain 2 Departament de Matem` atica Aplicada i An` alisi, Univers itat de Barcelona, Gran Via de les Corts Catalanes 585, 08007 Barcelona, Spain One of the theoretical approaches to study spatially-extended ecosystems is given by metapopulation models, which consider fragmented populations inhabiting discrete patches linked by migration. Most of the metapop- ulation models assume exponential growth of the local populations and few works have explored the role of cooperation in fragmented ecosystems. In this letter we study the dynamics and the bifurcation scenarios of a minimal, two-patch metapopulation Turing-like model given by nonlinear differential equations with an auto- catalytic reaction term together with diffusion. We also analyze the extinction transients of the metapopulations focusing on the effect of coupling two local populations undergoing delayed transition phenomena due to ghost saddle remnants. We ﬁnd that increasing diffusion rates enhance the delaying capacity of the ghosts. We ﬁnally propose the saddle remnant as a new class of transient generator mechanism for ecological systems. I. INTRODUCTION Metapopulation models [Hanski, 1999, 2004; Hanski & Ovaskainen, 2003; Holt, 1985; Levin, 1974; Levins, 1969; Parvinen & Egas, 2004] describe the dynamics of fragmented populations interconnected by migration and are a very impor- tant tool of research in ecological systems since the pioneering work of Levins [Levins, 1969]. As far as we know, most of the theoretical models on metapopulations assume that local populations reproduce exponentially (see for example [Holt, 1985; Parvinen & Egas, 2004]), often only describing their stability and dynamical properties under antagonistic ecolog- ical interactions as intraspeciﬁc competition. Typically, these models assume that the growth function is (considering un- hampered growth) of the form ˙ x = kx, where k is the intrin- sic growth rate of the population. To the extend of our knowl- edge, there are few metapopulation works considering a local non linear reproduction kinetics describing cooperating sys- tems, although Segel and Jackson analyzed a spatial predator- prey PDE model considering cooperation in prey populations [Segel & Jackson, 1972]. A possible way of modeling a system of cooperative repli- cators is by considering a reproduction function of the form ˙ x i = kx i x j . Such a growth kinetics, which is hyperbolic, can reach an inﬁnite value of x i in a ﬁnite time t for unhampered systems [Eigen & Schuster, 1979]. The case j = i would correspond to a replicator species that receives catalysis from another type of replicator (as in the homogeneous hypercy- cle [Eigen & Schuster, 1979], typically with j = i - 1, in a perfectly cyclic and closed architecture). The case j = i might describe the dynamics of an autocatalytic replicator or, equivalently, the dynamics of intraspeciﬁc cooperation (with a positive feedback), which is explored in this letter. For this latter case the kinetics is of the form ˙ x = kx 2 , whose solution * Author for correspondence: Complex Systems Lab (ICREA-UPF), Barcelona Biomedical Research Park (PRBB-GRIB) Dr. Aiguader 88, 08003 Barcelona, Spain. E-mail: [email protected]; Phone: +34 933160532; Fax: +34 933160550 is explicitly given by x(t)= x(0)/(1 - x(0)kt). Intraspeciﬁc cooperation (see [Dugatkin, 2002] for a re- view) involves cooperation between the individuals of the same population undergoing a density-dependent beneﬁtial effect which may lead to higher population numbers. This type of behavior is found in some social insect colonies [Cassill et al., 2005; Dugatkin, 2002], in primates [Chen & Hauser, 2005], as well as in some populations of wild vam- pire bats [Dugatkin, 2002]. For this latter case, the bat species Desmodus rotundus displays the so-called reciprocal altruism behavior. The individuals of this vampire species will starve if they do not receive a blood meal every 60 hours [McNab, 1973]. However, females regurgitate blood meals to nestmates that have failed to obtain food in the recent past [Wilkinson, 1984, 1985], then providing them with an auxiliary source of food ensuring their survival and increasing the probability of reproduction. Food-sharing strategies, which may in general involve a density-dependent increase of the ﬁtness of the pop- ulations and also an increase in their reproduction rates, are found in other species of mammals (see [Wilkinson, 1984] and references therein). In this letter we analyze the dynamics and the bifurcation scenarios of a simple, two-patch metapopulation system by using a Turing-like model considering an autocatalytic reac- tion term together with diffusion. We are especially interested in the extinction transients associated to the effect of coupling two populations of replicators undergoing delayed transition phenomena associated to saddle-node ghosts. In short, we characterize a series of bifurcations at increasing diffusion rates in the survival scenario driving the system into a single non-trivial and symmetric equilibrium allowing the survival of the metapopulations. With small population sizes, an in- crease of the diffusion rate drives the entire system towards extinction, due to a negative Allee effect. We show that, once a critical decay value is overcome, an increase of diffusion en- hances the delaying effect towards extinction due to the ghost arising after the saddle-node bifurcation. 
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APS/123-QED
 On the metapopulation dynamics of autocatalysis: extinction transients related to ghosts
 Josep Sardanyes1, ∗ and Ernest Fontich2
 1Complex Systems Lab (ICREA-UPF), Barcelona Biomedical Research Park (PRBB-GRIB)Dr. Aiguader 88, 08003 Barcelona, Spain
 2Departament de Matematica Aplicada i Analisi, Univers itat de Barcelona,Gran Via de les Corts Catalanes 585, 08007 Barcelona, Spain
 One of the theoretical approaches to study spatially-extended ecosystems is given by metapopulation models,which consider fragmented populations inhabiting discrete patches linked by migration. Most of the metapop-ulation models assume exponential growth of the local populations and few works have explored the role ofcooperation in fragmented ecosystems. In this letter we study the dynamics and the bifurcation scenarios of aminimal, two-patch metapopulation Turing-like model given by nonlinear differential equations with an auto-catalytic reaction term together with diffusion. We also analyze the extinction transients of the metapopulationsfocusing on the effect of coupling two local populations undergoing delayed transition phenomena due to ghostsaddle remnants. We find that increasing diffusion rates enhance the delaying capacity of the ghosts. We finallypropose the saddle remnant as a new class of transient generator mechanism for ecological systems.
 I. INTRODUCTION
 Metapopulation models [Hanski, 1999, 2004; Hanski &Ovaskainen, 2003; Holt, 1985; Levin, 1974; Levins, 1969;Parvinen & Egas, 2004] describe the dynamics of fragmentedpopulations interconnected by migration and are a very impor-tant tool of research in ecological systems since the pioneeringwork of Levins [Levins, 1969]. As far as we know, most ofthe theoretical models on metapopulations assume that localpopulations reproduce exponentially (see for example [Holt,1985; Parvinen & Egas, 2004]), often only describing theirstability and dynamical properties under antagonistic ecolog-ical interactions as intraspecific competition. Typically, thesemodels assume that the growth function is (considering un-hampered growth) of the form x = kx, where k is the intrin-sic growth rate of the population. To the extend of our knowl-edge, there are few metapopulation works considering a localnon linear reproduction kinetics describing cooperating sys-tems, although Segel and Jackson analyzed a spatial predator-prey PDE model considering cooperation in prey populations[Segel & Jackson, 1972].
 A possible way of modeling a system of cooperative repli-cators is by considering a reproduction function of the formxi = kxixj . Such a growth kinetics, which is hyperbolic, canreach an infinite value of xi in a finite time t for unhamperedsystems [Eigen & Schuster, 1979]. The case j 6= i wouldcorrespond to a replicator species that receives catalysis fromanother type of replicator (as in the homogeneous hypercy-cle [Eigen & Schuster, 1979], typically with j = i − 1, ina perfectly cyclic and closed architecture). The case j = imight describe the dynamics of an autocatalytic replicator or,equivalently, the dynamics of intraspecific cooperation (witha positive feedback), which is explored in this letter. For thislatter case the kinetics is of the form x = kx2, whose solution
 ∗Author for correspondence: Complex Systems Lab (ICREA-UPF),Barcelona Biomedical Research Park (PRBB-GRIB) Dr. Aiguader 88, 08003Barcelona, Spain. E-mail: [email protected]; Phone: +34 933160532;Fax: +34 933160550
 is explicitly given by x(t) = x(0)/(1− x(0)kt).
 Intraspecific cooperation (see [Dugatkin, 2002] for a re-view) involves cooperation between the individuals of thesame population undergoing a density-dependent benefitialeffect which may lead to higher population numbers. Thistype of behavior is found in some social insect colonies[Cassill et al., 2005; Dugatkin, 2002], in primates [Chen &Hauser, 2005], as well as in some populations of wild vam-pire bats [Dugatkin, 2002]. For this latter case, the bat speciesDesmodus rotundus displays the so-called reciprocal altruismbehavior. The individuals of this vampire species will starveif they do not receive a blood meal every 60 hours [McNab,1973]. However, females regurgitate blood meals to nestmatesthat have failed to obtain food in the recent past [Wilkinson,1984, 1985], then providing them with an auxiliary source offood ensuring their survival and increasing the probability ofreproduction. Food-sharing strategies, which may in generalinvolve a density-dependent increase of the fitness of the pop-ulations and also an increase in their reproduction rates, arefound in other species of mammals (see [Wilkinson, 1984]and references therein).
 In this letter we analyze the dynamics and the bifurcationscenarios of a simple, two-patch metapopulation system byusing a Turing-like model considering an autocatalytic reac-tion term together with diffusion. We are especially interestedin the extinction transients associated to the effect of couplingtwo populations of replicators undergoing delayed transitionphenomena associated to saddle-node ghosts. In short, wecharacterize a series of bifurcations at increasing diffusionrates in the survival scenario driving the system into a singlenon-trivial and symmetric equilibrium allowing the survivalof the metapopulations. With small population sizes, an in-crease of the diffusion rate drives the entire system towardsextinction, due to a negative Allee effect. We show that, oncea critical decay value is overcome, an increase of diffusion en-hances the delaying effect towards extinction due to the ghostarising after the saddle-node bifurcation.
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 FIG. 1: (Left) Schematic diagram of a two-patch metapopulation of autocatalytic replicators, named I , which undergo local intraspecificcooperation and decay. Both patches are interconnected by a diffusion or migration flow. (Right) Phase space topology for system Eqs. (1)represented with the nullclines for x1 (red) and x2 (black), computed from Eq. (3) using k = 1. The intersection of the curves (open circles)are the equilibria of the system since x1 = x2 = 0. We show the topology for the survival (upper row, with ε = 0.15 < εc), and extinction(lower row, with ε = 0.25001 > εc) scenarios. For this latter case, even if the nullclines are extremely close one to the other, they onlyintersect at (0, 0).
 II. MATHEMATICAL MODEL
 To explore the role of hyperbolic growth kinetics in a patch-like metapopulation we analyze a mean field model for an au-tocatalytic replicator species inhabiting two discrete patcheslinked symmetrically by passive diffusion (see Fig. 1, left).We use a Turing-like model which considers a reaction or re-production function and a diffusion term to have an interac-tion between both patches. Following the notation of Smale[Smale, 1974], we define our model as
 xi = R(xi) +D(xj − xi), (1)
 with i, j = 1, 2 and i 6= j. The state variables x1,2(t) de-note, respectively, the concentration (population numbers) ofthe autocatalytic replicators inhabiting each patch. These vari-ables are defined in the phase plane S2 :=
 x = (x1, x2) ∈
 R2 : 0 ≤ x1, x2 ≤ 1
 . The first term in Eq. (1) describes thereproduction kinetics in patch i. In our model we take
 R(xi) = kx2i Ωi(x)− εxi, (2)
 with Ωi(x) = 1−xi/K. The function above models the repro-duction of an autocatalytic species which reproduces accord-ing to a quadratic, nonlinear interaction with rate k > 0. Tak-ing as an example the populations of the vampires, the modelassumes an increase in the fitness of the population propor-tionally to the density-dependent nonlinear interaction result-ing from cooperation. That is, the higher population of batsthe higher probability of obtaining blood meals from otherindividuals, in a kind of autocatalytic process. The positiverelationship between aspects of fitness and population size isknown as the Allee effect [Allee, 1931; Dugatkin, 1997]. Forsimplicity we do not consider the exponential growth of the
 population, instead we focus our analysis on the dynamics re-sulting only from cooperation. The logistic term Ωi(x), en-capsulates within-patch density-dependent competition pro-cesses influencing population growth, being K the carryingcapacity of each patch. Hereafter we set K = 1. Finally, wealso consider degradation or decay of species with rate ε > 0.
 The second term in Eq. (1) denotes the diffusion processesassociated to migration between both patches, being xj − xi
 the difference of the populations between the patches. Theparameter D (with 0 ≤ D ≤ 1) corresponds to diffusion ormigration rate. Actually, diffusion denotes the average frac-tion of the population of each patch diffusing or migrating tothe other patch. Diffusion may be interpreted as a measure ofthe degree of isolation among both local populations, wherethe case D = 0 corresponds to two completely isolated andindependently evolving populations of autocatalytic replica-tors (see [Fontich & Sardanyes, 2008]). We here obviate ageclasses or sexual types in the populations and the effect ofanimal associations or kin selection in the dynamics of co-operation, then considering that cooperation is likely to hap-pen between animals without relatedness, as was shown forvampires in captivity [Wilkinson, 1985]. This is the simplestmodel which considers intraspecific cooperation in a homoge-neous and idealized fragmented landscape.
 A. Phase portraits and bifurcations
 The equilibrium points of the dynamical system understudy are found by means of the nullclines of (1), defined as
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 FIG. 2: Phase portraits obtained numerically for several diffusion rates associated to survival (upper row) and extinction (lower row) scenariosusing the same decay rates of Fig. 1, with k = 1. Note that in the survival scenario there exists a basin of attraction for the origin, which isalways stable. In the extinction scenario, with ε > εc, the whole phase space is basin of attraction of the origin.
 the curves where either x1 = 0 or x2 = 0, which are given by
 x1,2 = x2,1 −kx2
 2,1(1− x2,1)− εx2,1
 D. (3)
 The intersections of these nullclines (see Fig. 1) providethe equilibrium points of the system since x1 = x2 = 0. Theyalso determine a partition of the plane such that the bound-aries of each subregion are formed by pieces of nullclines (andhence they contain the equilibria). It turns out that, for thissystem, these subregions are either positively or negatively in-variant since, in their boundaries, the vector field either pointsinwards or outwards. We can argue that this system has noperiodic orbits. Let us assume there exists one. As a conse-quence of the Poincare-Bendixson’s theorem [Perko, 2001],it must contain an equilibrium point in its interior. Then itmust enter one of the subregions and then it can not get outof it either for positive or negative time. Hence, we obtain acontradiction. Note that each nullcline is obtained from theother by the symmetry with respect to the line x2 = x1. Thenthe intersection of the nullclines with the axis x2 = x1 areequilibria. This intersection always contain the point (0, 0).The eigenvalues of the Jacobian matrix at (0, 0) are λ1 = −εand λ2 = −ε − 2D. Hence the origin is an attractor, whichinvolves the extinction of the whole population (see also Fig.2). A simple calculation shows that this intersection also con-tains two more points if and only if ε < εc = k/4. Moreoverthe corresponding equilibria are independent of D. From nowon we refer to the cases ε < εc and ε > εc as the survival andextinction scenarios, respectively.
 Motivated by the form of the nullclines we let ψ(x) =−kx2(1 − x) + εx and ϕ(x) = x + D−1ψ(x). Note that ϕis a cubical polynomial. In the survival scenario, ψ has a pos-itive maximum and a negative minimum in the interval [0, 1],located, respectively at x∓ = 1
 3
 (1∓
 √1− 3ε/k
 ). Therefore,
 if D is small enough, ϕ has a maximum bigger than 1 anda minimum less than 0. Following symmetry considerations,the nullclines x2 = ϕ(x1) and x1 = ϕ(x2) must intersectnine times (see Fig. 1, D = 0.005). The limit case D = 0corresponds to an uncoupled system of a population dividedinto two patches without interacting. In this case, the equi-librium points of each individual equation are ξ1 = 0 andξ2,3 = (1 ±
 √1− 4ε/k)/2. The derivatives of the equation
 evaluated at these points determine their stability: ξ1 and ξ3are stable while ξ2 is unstable. This set of equilibria deter-mine nine equilibrium points for the whole system, given byP ∗ij = (ξi, ξj), with i, j = 1, 2, 3. From the stability of ξi itfollows immediately that P ∗11, P ∗13, P ∗31 and P ∗33 are attractors;P ∗12, P ∗21, P ∗23 and P ∗32 are saddles and P ∗22 is a repeller.
 When D grows, the maximum and the minimum of ϕ de-creases and increases, respectively. First, the pairs P ∗13, P ∗23and P ∗31, P ∗32 collide in (two) symmetric saddle-node bifurca-tions and disappear (shown in the transition from D = 0.005to D = 0.015 in the survival scenario of Fig. 1). Later, P ∗12,P ∗21 and P ∗22 collide in a supercritical pitchfork bifurcation(see the transition from D = 0.015 to D = 0.06 in the sur-vival scenario of Fig. 1) and after that the system only hasthree equilibrium points, P ∗11, P ∗22 and P ∗33, which are placedon x2 = x1 and whose location is independent of D. By con-tinuity of the eigenvalues with respect to parameters, when Dis small, the nine equilibrium points have the same stabilitycharacter as for D = 0. Therefore, before the first bifurca-tion we have three stable coexistence points, one with bothpatches having the same population, P ∗33, another with onepatch having much more population than the other, P ∗13, andthe symmetric of the latter, P ∗31. The boundary of their basinsof attractions are formed by pieces of the stable manifolds ofthe saddles. After the second bifurcation there remains onlyone coexistence point, P ∗33, located on x2 = x1. In the extinc-
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 FIG. 3: (a) Equilibra for x1 (gridded surface) and x2 (plain surface) in the initial conditions space (x1(0), x2(0)) with k = 1, D = 0 and ε =0.1. Beside we plot (with solid red cirles) the diffusion rates involving the survival of the entire population, x∗ (with x∗ = x∗1 + x∗2 ≥ 10−3,after discarding the transient) also in the initial conditions space (x1(0), x2(0)) with (b) ε = 0.1, (c) ε = 0.2 and (d) ε = εc = 0.25. Herethe region of (x1(0), x2(0)) with no red circles involves the extinction of the entire metapopulation independently of D.
 tion scenario, achieved through another saddle-node bifurca-tion when ε > εc, the only equilibrium point is the origin,P ∗11, which is a global attractor (see Figs. 1 and 2).
 We explore the role of diffusion in the extinction scenariowith ε < εc. We first show the population’s equilibria forboth patches in the initial conditions space (x1(0), x2(0)) us-ing k = 1, ε = 0.1 and D = 0 (see Fig. 3a). Note that atinitial populations lower than x1,2 = 0.1127..., each popula-tion becomes extinct. Actually, the region in (x1(0), x2(0))involving extinction independently of D is the square deter-mined by the points P ∗11, P ∗21, P ∗22 and P ∗12. If we consider dif-fusion between patches we see that for low initial conditions,only low diffusion rates allow the survival of the metapopu-lation (see Figs. 3b, 3c and 3d). We note that at increasingdecay rates, the region of (x1(0), x2(0)) where survival ofthe metapoplations is only possible with low diffusion ratesincreases. This phenomenon might be related to the Alleeeffect, since diffusion could enhance the negative effect forsmall populations, especially for those populations (like oursystem) with density-dependence in reproduction processes.
 B. Extinction transients: the effect of a ghost
 The importance of transients has been investigated in someecological systems [Hastings, 2001, 2004; Hastings & Hig-gins, 1994]. In this sense, transients have been suggested toplay an important role in population dynamics, even beingmore relevant than the expected asymptotic dynamics con-fined in a given attractor. In this section we focus on theeffect of diffusion in the dynamics of two populations ableto undergo very long transients giving place to so-called de-layed transition phenomena, which can arise due to the appari-tion of a ghost (i.e., saddle remnant) in phase space [Fontich& Sardanyes, 2008; Strogatz, 2000]. To the extend of ourknowledge, there are no previous attempts to study the delay-ing properties arising from the coupling of two populationsundergoing delayed transitions in the context of cooperationin ecological systems. As mentioned in the previous section,the extinction of the metapopulations can be achieved via asaddle-node bifurcation when ε ≥ εc, and the origin becomesasymptotically globally stable. Such a bifurcation involves the“apparition” of a ghost in phase space [Fontich & Sardanyes,
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 FIG. 4: (A) Time series for x1 in the extinction scenario (in log-linearscale) using ε = 0.25001 > εc, with: (a) D = 1, (b) D = 0.025, (c)D = 0.02, (d) D = 0.015, and (e) D = 0.01. (B) Extinction time τε
 (assuming extinction with xi ≤ 10−8) on a double logarithmic scaleas a function of φ(ε) = ε − εc, using from top to bottom: D = 1,D = 0.025, D = 0.015 and D = 0.01. Note that for very lowvalues of diffusion, the population becomes rapidly extinct. For bothplots we use x1(0) = 0.65 and x2(0) = 0.45 as initial conditions.
 2008].We note that the occurrence of this phenomenon for our
 system depends on the initial condition as well as on the rateof diffusion. For instance, the trajectories corresponding to abig subregion of the phase portrait with D = 0.005 displayedin Fig. 2, do not approach the ghost region (placed on theline x2 = x1), and rapidly travel to the extinction attractor.However the orbits starting in the right-up part of the phasespace do experience a delay. The role of diffusion in the ex-tinction transients is shown in Figs. 4A and 4B, where thetime a trajectory spends before reaching the origin, τε, is rep-resented. Specifically, in Fig. 4B, we compute the time tran-sient towards extinction as we increase decay rate beyond thebifurcation point. Typically, such a passage time follows the
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 FIG. 5: Extinction delaying times, τε (shown in a red gradient), in the initial conditions space (x1(0), x2(0)) using the same diffusion rates ofFig. 1, with k = 1 and: ε = εc + 10−8 (upper row); and ε = εc + 10−4 (lower row).
 inverse square-root scaling law, given by τε ∼ (ε − εc)−1/2.For Fig. 4, we have chosen the initial condition x1(0) = 0.65and x2(0) = 0.45 for the orbit. Note that for very low dif-fusion rates the extinction time, τε, does not show the power-law scaling because the orbit does not go close to the sad-dle remnant. As diffusion increases a little (for example toD = 0.025) the scaling law appears, reflecting the fact thatthe flow is passing through the bottleneck region of the ghost,and extinction is delayed. Note that, very near the bifurcationvalue, there is a difference of up to two orders of magnitudein the extinction time fromD = 0.015 toD = 0.025 (see Fig.4B).
 In Fig. 5 we show the dependence of the extinction tran-sients, τε, on the initial conditions for increasing diffusionrates using two values of decay rate near from above to thebifurcation value. The increase of diffusion generically en-larges the domain influenced by the ghost, even for a value ofthe decay rate far away from the bifurcation value (see Fig. 5,lower row). However, as previously commented, such extinc-tion transients drastically increase as we approach to the bifur-cation value. For instance, the analyses with ε = εc + 10−8,show a longest extinction transient of τε ≈ 63000, and thereexists a big jump in these times as the initial conditions takegreater values (see Fig. 5, upper row). However, for a value ofε = εc +10−4, the longest extinction transients are τε ≈ 670,and the effect of the ghost is not so sharp as the initial condi-tions are increased.
 III. CONCLUSIONS
 We have analyzed the dynamics and the bifurcation sce-narios of a minimal, two-patch metapopulation Turing-likemodel considering a nonlinear replication kinetics and ex-ponential decay of the metapopulations also using a diffu-sion term describing the migration flow between patches (seeSmale [Smale, 1974] for the analysis of a two-cell systemwith four species). Our model describes the dynamics of in-traspecific cooperation with a density-dependent increase inthe reproduction rates of the individuals of the entire popula-tion, which undergoes the so-called Allee effect [Allee, 1931;Dugatkin, 1997]. Examples of intraspecific cooperation arefound in several taxa [Cassill et al., 2005; Chen & Hauser,2005; Dugatkin, 1997, 2002; McNab, 1973; Wilkinson, 1984,1985].
 We have characterized two different phases, given by sur-vival or extinction of the entire population. We have shownthat with ε < εc, and for very low diffusion rates, there arethree asymptotically stable non-trivial equilibrium points in-volving species survival, which are reached depending on theinitial conditions of the populations in each patch. When weincrease diffusion there is a series of bifurcations, given bytwo (symmetric) saddle-node bifurcations and a supercriticalpitchfork bifurcation, after which there exists a single non-trivial equilibrium implying the survival of the entire popu-lation, althoug for very small initial conditions the populationcan become extinct because the origin is asymptotically stable(independently of the value of D).
 Diffusion is shown to play a crucial role in the survival of
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 the entire metapopulation. For instance, with ε < εc, highdiffusion rates can collapse the metapopulation if both initialconditions are small. Interestingly, we find that an increaseof diffusion near bifurcation threshold (i.e. ε & εc) involvesa wider set of initial conditions undergoing longer extinctiontransients associated to the ghosts. Moreover, for extremelylow diffusion rates the delaying effect of the ghost is weak-ened.
 The relevance of transients in ecological systems has beenreviewed recently [Hastings, 2004]. Several classes of tran-sient generator mechanisms were identified for ecologicalmodels and, in many cases, the presence of such transientscan be reduced to the concept of saddles. These classes are: (i)chaotic saddles, (ii) spatial systems, (iii) linear systems withvarying time scales, (iv) coupled oscillators, and (v) stochas-ticity [Hastings, 2004]. We note that the phenomenon generat-ing long transients studied in this work might be added to this
 classification. The presence of extremely large transients nearbifurcation threshold in the extinction scenario arising due tothe saddle remnant (i.e., ghost) could be of importance in themaintenance and survival of ecological systems undergoingcooperative processes.
 Acknowledgments
 Josep Sardanyes was funded by the EU PACE grant withinthe 6th Framework Program under contract FP6-002035 (Pro-grammable Artificial Cell Evolution). Ernest Fontich receivedsupport from the Spanish Grant MEC-FEDERMTM2006-05849/Consolider and by the Catalan grant CIRIT 2005SGR01028.
 Allee, W. C. 1931. “Animal Aggregations. A Study in General So-ciology”. University of Chicago Press, Chicago.Cassill, D. L., Butler, J., Vinson, S. B., & Wheeler, D. E. 2005. Co-operation during prey digestion between workers and larvae in theant, Pheidole spadonia. Insect. Soc., 52, 339–343.Chen, M. K., & Hauser, M. 2005. Modeling reciprocation and co-operation in primates: evidence for a punishing strategy. J. Theor.Biol., 235, 5–12.Dugatkin, L. A. 1997. “Cooperation Among Animals. An Evolution-ary Perspective”. Oxford University Press, Oxford Series in Ecologyand Evolution, New York.Dugatkin, L. A. 2002. Animal cooperation among unrelated individ-uals. Naturwisseschaften, 89, 533–541.Eigen, M., & Schuster, P. 1979. The Hypercycle. A Principle of Nat-ural Self-Organization. Berlin: Springer–Verlag.Fontich, E., & Sardanyes, J. 2008. General scaling law in the saddle-node bifurcation: a complex phase space study. J. of Phys. A: Math.and theor., 41(015103), 1–9.Hanski, I. 1999. “Metapopulation Ecology”. Oxford Series in Ecol-ogy and Evolution. Oxford University Press.Hanski, I. 2004. Metapopulation theory, its use and misuse. Basicand Appl. Ecol., 5, 225–229.Hanski, I., & Ovaskainen, O. 2003. Metapopulation theory for frag-mented landscapes. Theor. Pop. Biol., 64, 119–127.Hastings, A. 2001. Transient Dynamics and persistence of ecologicalsystems. Ecology Letters, 4, 215–20.Hastings, A. 2004. Transients: the key long-term ecological under-standing. Trends in Ecology and Evolution, 19, 39.Hastings, A., & Higgins, K. 1994. Persistence of Transients in Spa-
 tially Structured Ecological Models. Science, 263, 1133.Holt, R. D. 1985. Population Dynamics in Two-Patch Environments:Some Anomalous Consequences of an Optimal Habitat Distribution.Theor. Pop. Biol., 28, 181–208.Levin, S. A. 1974. Dispersion and Population Interactions. The Am.Nat., 108(960), 207–228.Levins, R. 1969. Some demographic and genetic consequences ofenvironmental heterogeneity for biological control. Bull. Entomol.Soc. Am., 15, 237–240.McNab, B. K. 1973. Energetics and the distribution of vampires. J.Mammology, 54, 131–44.Parvinen, K., & Egas, M. 2004. Dispersal and the evolution of spe-cialization in a two-habitat type metapopulation. Theor. Pop. Biol.,66, 233–248.Perko, L. 2001. “Differential Equations and Dynamical Systems.Texts in Applied Mathematics no 7”. Springer-Verlag, NY.Segel, L. A., & Jackson, J. L. 1972. Dissipative Structure: An Ex-planation and an Ecological Example. J. theor. Biol., 37, 545–59.Smale, S. 1974. A mathematical model of two cells via Turing’sequation. Lect on Math in the Life Sci, 6, 17–26.Strogatz, S. H. 2000. “Nonlinear Dynamics and Chaos with appli-cations to Physics, Biology, Chemistry, and Engineering”. WestviewPress.Wilkinson, G. 1984. Reciprocal food sharing in vampire bats. Na-ture, 308, 181–4.Wilkinson, G. 1985. The social organization of the common vampirebat. II. Mating systems, genetic structure and relatedness. Behav.Ecol. Sociobiol., 17, 123–34.



						
LOAD MORE                    

                                    


                
                    
                    
                                        
                

                

                        


                    

                                                    
                                Florida Scrub-Jay metapopulation structure

                            

                                                    
                                Evolution of Virulence in Plant Host- Pathogen Metapopulation · Evolution of Virulence in Plant Host-Pathogen Metapopulation ... Musser, Emerg. Infect. Dis. 2, 1 (1996). ... parent

                            

                                                    
                                A  Multipatch Metapopulation  Model with “Human” Agents Injected

                            

                                                    
                                Limit theorems for discrete-time metapopulation models · Limit theorems for discrete-time metapopulation models Phil Pollett ... AUSTRALIAN RESEARCH COUNCIL Centre of Excellence

                            

                                                    
                                Metapopulation dynamics

                            

                                                    
                                THE IMPLICATIONS OF ASYMMETRIC DISPERSAL FOR ...ufdcimages.uflib.ufl.edu/UF/E0/04/52/31/00001/ACEVEDO_M.pdf · In metapopulation ecology, movement is a fundamental process for metapopulation

                            

                                                    
                                Cognitive ability affects connectivity in metapopulation:  A simulation approach

                            

                                                    
                                Metapopulation and its applications in conservation biologyrdo.psu.ac.th/sjstweb/journal/25-3/13metapopulationecogo...Metapopulation and its applications in conservation biology Songklanakarin

                            

                                                    
                                Ester hydrolysis: Conditions for acid autocatalysis and a ...eprints.whiterose.ac.uk/116706/1/taylor2017.pdf · delay the onset of autocatalysis. The kinetic profiles from the hydrolysis

                            

                                                    
                                Modeling Tick-Borne Disease: A Metapopulation Model

                            

                                                    
                                Autocatalysis, Information and Coding - Indiana University

                            

                                                    
                                1991 - Opdam, Paul - Metapopulation Theory and habitat fragmentation.pdf

                            

                                                    
                                CONNECTIVITY, METAPOPULATION DYNAMICS, AND GENETIC ... · CONNECTIVITY, METAPOPULATION DYNAMICS, AND GENETIC STRUCTURE OF TIGER SALAMANDERS IN A HETEROGENEOUS LANDSCAPE BY BRADLEY

                            

                                                    
                                Designing a Cost-Effective Manine Reosurce Network: A Bioeconomic Metapopulation Analysis · 2017. 5. 5. · Designing a Cost-Effective Marine Reserve Network: A Bioeconomic Metapopulation

                            

                                                    
                                Dynamic models of the complex microbial metapopulation of ... et al_Mendota microbes.pdfARTICLE OPEN Dynamic models of the complex microbial metapopulation of lake mendota Phuongan

                            

                                                    
                                Chiral Autocatalysis and Mirror Symmetry Breakinguhv.cheme.cmu.edu/pubs/2018_4.pdf · Chiral Autocatalysis and Mirror Symmetry Breaking Andrew J. Gellman1 · Karl‑Heinz Ernst2,3

                            

                                                    
                                Earth and ﬁeld observations underpin metapopulation ...ECOLOGY Earth and ﬁeld observations underpin metapopulation dynamics in complex landscapes: Near-term study on carabids Jonathan

                            

                                                    
                                Phosphatidylserine Decarboxylase 1 Autocatalysis and Function 

                            

                                                    
                                Metapopulation Biology What is a metapopulation? According to Levins’ original formulation, a metapopulation is a “population of populations”. It is a

                            

                                                    
                                Advection and autocatalysis as organizing principles for ...scheel/preprints/bcl.pdf · Advection and autocatalysis as organizing principles for banded vegetation patterns Richard

                            

                                                    
                                Ten Years Monitoring a Lilaeopsis Metapopulation on the ... Mason... · Metapopulation on the Napa River Mason’s Lilaeopsis Megan Keever1, Peggy L. Fiedler2, ... • L. masonii

                            

                                                    
                                MOSAIC MANAGEMENT IN METAPOPULATION MODELS: Optimal ...economics.soc.uoc.gr/wpa/docs/Brock_Xepapad_Mosaic.pdf · MOSAIC MANAGEMENT IN METAPOPULATION MODELS: Optimal Management of

                            

                                                    
                                Combining larval habitat quality and metapopulation structure

                            

                                                    
                                What is a metapopulation? And why should I care?

                            

                                                    
                                Dynamic-landscape metapopulation models predict complex … · 2017. 7. 27. · Dynamic-landscape metapopulation models predict complex response of wildlife populations to climate

                            

                                                    
                                A Autocatalysis at - PNASProc. Nati. Acad. Sci. USA Vol. 91, pp. 5823-5827, June 1994 Developmental Biology Amodelfor readingmorphogenetic gradients: Autocatalysis and competitionat

                            

                                                    
                                Extinction threshold in metapopulation modelsExtinction in deterministic metapopulation models The Levins model and its spatial extensions The classic model of metapopulation dynamics

                            

                                                    
                                Exact Solution for a Metapopulation Version of Schelling’s Modelaldous/157/Papers/durrett_schelling.pdf · Exact Solution for a Metapopulation Version of Schelling’s Model Richard

                            

                                                    
                                Galapagos Islands. Metapopulation Models Species area curves (islands as case study) Review of Island Biogeography Extension to subpopulations  Metapopulation

                            

                                                    
                                The Role of Resource Predictability in the Metapopulation 

                            

                                                    
                                OPTIMAL REBUILDING OFA METAPOPULATION 2… · Sanchirico,Wilen,and Coleman Optimal rebuilding of a metapopulation 3 in ﬁgure 1. An important characteristic of a metapopulation is

                            

                                                    
                                A metapopulation model for Canadian and West Greenland 

                            

                                                    
                                Stability Properties of the Spotted Owl Metapopulation in 

                            

                                                    
                                A Metapopulation Approach to Farmer Seed Systems

                            

                                                    
                                Epidemic fronts in complex networks with metapopulation structure · 2014-10-31 · PHYSICAL REVIEW E 88,012809(2013) Epidemic fronts in complex networks with metapopulation structure

                            

                        
                    

                                    

            

        

    

















    
        
            
                	About us
	Contact us
	Term
	DMCA
	Privacy Policy



                	English
	Français
	Español
	Deutsch


            

        

        
            
                Copyright © 2022 VDOCUMENT

            

                    

    








    


