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A N N A L S O F T H E N E W Y O R K A C A D E M Y O F SC I E N C E S Issue: The Year in Ecology and Conservation Biology



Eco-evolutionary dynamics in a changing world Ilkka Hanski Department of Biosciences, University of Helsinki, Helsinki, Finland Address for correspondence: Ilkka Hanski, Department of Biosciences, University of Helsinki, P.O. Box 65, FI-00014 Helsinki, Finland. [email protected]



Fast evolutionary changes are common in natural populations, though episodes of rapid evolution do not generally last for long and are typically associated with changing environments. During such periods, evolutionary dynamics may influence ecological population dynamics and vice versa. This review is concerned with spatial eco-evolutionary dynamics with a focus on the occurrence of species in marginal habitats and on metapopulations inhabiting heterogeneous environments. Dispersal and gene flow are key processes in both cases, linking demographic and evolutionary dynamics to each other, facilitating but also constraining the expansion of the current niche and the geographical range of species and determining the spatial scale and pattern of adaptation in heterogeneous environments. An eco-evolutionary metapopulation model helps explain the contrasting responses of species to habitat loss and fragmentation. Eco-evolutionary dynamics may facilitate the persistence of species in changing environments, but typically the evolutionary response only partially compensates for the negative ecological consequences of adverse environmental changes. Keywords: eco-evolutionary dynamics; spatial dynamics; metapopulation; local adaptation; evolutionary rescue; dispersal



Introduction Population biology aims at developing a mechanistic and predictive understanding of the dynamics of natural populations. In the context of management and conservation, key questions are why the numbers of individuals fluctuate in time in the manner they do and why the numbers vary from one place to another,1 which are also questions at the very core of population ecology.2 Changes in population sizes are due to the many processes that influence births and deaths as well as the movements of individuals into and out of populations. Over the past century, the focus of research has shifted repeatedly to new topics that had been overlooked or were little appreciated by previous researchers. In the middle of the last century, a major concern was the role of density-dependent processes in the demographic dynamics of populations.3–6 We now view densitydependent population regulation, operating at some though not necessarily at all temporal and spatial scales,7 as the essential mechanism enhancing



the stability of natural populations. Subsequently, however, and to the surprise of many who had learned to associate density dependence with population stability, simple models demonstrated that strong nonlinear density dependence could do just the opposite, lead to wildly and irregularly fluctuating numbers of individuals,8 which had previously been interpreted as the signature of strong environmental forcing of population dynamics.9 Interest then shifted from complex temporal dynamics to spatial dynamics, which were seen as the “final frontier for ecological theory.”10,11 But spatial dynamics did not, of course, resolve all the questions. For instance, researchers realized that new understanding of population dynamics could be achieved by taking into account the ubiquitous variation that exists among individuals in life-history traits.12–15 From here, there is a small step to the idea that genetic variation among individuals, which underlies much of the phenotypic variation, might influence ecological population dynamics.
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The notion that the genetic composition of populations and changes in it (evolutionary dynamics) influence demographic population dynamics is at the same time common sense and unorthodox. Rate of reproduction and the risk of death among individuals vary partly for genetic reasons, and hence the genetic composition of a population should influence its demography. But according to another common wisdom, changes in the genetic composition of populations occur so slowly that the demographic and evolutionary dynamics become effectively decoupled from each other.16 It is this latter assumption that is being challenged by a body of expanding research on what is now commonly dubbed eco-evolutionary dynamics.17 I hasten to add that in theoretical population biology, eco-evolutionary dynamics have been an important theme for a long time without the term having been widely used. A classic example is the model by Kirkpatrick and Barton,18 formalizing the original idea by Haldane 19 and others to explain why species do not constantly expand their geographical ranges through local adaptation. This will be discussed further below, but here I highlight the fact that though certain models combining ecological and evolutionary dynamics have been in the literature for some time, empirical work has been lagging behind. A notable exception among population ecologists was Dennis Chitty, who articulated already in the 1960s20,21 a very explicit eco-evolutionary hypothesis about the causes of regular population fluctuations in boreal and arctic small mammals. According to Chitty’s hypothesis, cyclic dynamics of voles and lemmings are maintained by high population density selecting for aggressive individuals, which are good competitors but have such a low rate of reproduction that, when their frequency becomes high, the population declines, after which selection starts to favor nonaggressive individuals with a high rate of reproduction, and so on (Fig. 1).22 The Chitty hypothesis and related hypotheses based on behavioral-endocrine responses23,24 remained controversial for many reasons, and the Chitty hypothesis was rejected by the 1990s,25,26 primarily because empirical studies indicated that there is not sufficient heritable genetic variation in the relevant behavioral traits,27 but also because small mammal population cycles were convincingly explained by other factors, especially the interaction between small mammals and their predators.28 The
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Figure 1. The Chitty hypothesis as interpreted by Ref. 22. Note that the aggressiveness in the population should peak at the end of the decline period in density fluctuations.



failure of the Chitty hypothesis may have discouraged population ecologists from entertaining ecoevolutionary hypotheses until recently, with an upsurge of new interest.17,29–33 Furthermore, in recent years, the domain of eco-evolutionary dynamics has expanded beyond population dynamics. For instance, researchers have examined the possible influence of genetic variation and evolutionary changes in plant34 and animal populations35 on multispecies communities and even ecosystem processes. This paper is, however, restricted to population-level processes, and ecological dynamics refer to processes such as changes in population size, dispersal, colonization, and extinction, while evolutionary dynamics refer to changes in allele frequency in candidate genes or in heritable phenotypic traits. Although population ecologists have been slow in broadening their perspective to even consider the possibility of coupled ecological and evolutionary dynamics, the same can be said about population geneticists. Most of the theory in population genetics ignores demographic dynamics and the ecological and environmental context in general,36 though partly for the understandable reason to keep models tractable for mathematical analysis. However, things are also changing in genetics and evolutionary biology. For instance, Lion et al.37 highlight how one could make progress with the seemingly neverending debate about the relative merits of kin versus group selection by paying more attention to environmental context and the interplay between demographic and genetic structure and dynamics of populations. Tarnita et al.38 present a general mathematical theory for the reciprocal interaction between the evolutionary dynamics of populations and their spatial population structure. In brief, there
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is much to be gained for population and evolutionary biologists from broadening our perspectives beyond the conventional subdisciplinary boundaries. Unidirectional and reciprocal eco-evolutionary feedbacks Three types of coupling between ecological and evolutionary dynamics are possible: ecological change may influence evolutionary change, evolutionary change may influence ecological change, and there may be reciprocal influences between ecological and evolutionary changes. This paper is concerned with the latter, which represents what might be called the strong form of eco-evolutionary dynamics, or eco-evolutionary feedbacks,29 but I shall first briefly touch the former two.



Ecological change influences evolutionary change This is entirely uncontroversial and in the heart of Darwin’s thoughts on natural selection and evolution: under particular ecological conditions certain genotypes have higher fitness than others and increase in frequency. It follows that if the ecological conditions change, an evolutionary change is likely to take place—populations become locally adapted. What is not obvious, and where the thinking has shifted over the past decades, is the speed of evolutionary changes. Numerous examples of contemporary (fast) microevolutionary changes32,39,40 challenge the long-held view of disparate time scales of ecological and evolutionary dynamics.16 Evolutionary change influences ecological change Much of the current research on eco-evolutionary dynamics is concerned with situations where a population’s genotypic or phenotypic composition influences ecological change.41–44 Hairston et al.42 and Ellner et al.45 have developed statistical approaches to partition the ecological and evolutionary contributions to a change in an ecological variable of interest. For example, in the case of the water flea Daphnia galeata in Lake Constance, eutrophication increased the abundance of cyanobacteria, a poor-quality food for Daphnia.46 Ellner et al.45 showed that while the ecological contribution (due to change in food quality and quantity) to the change in adult body mass was negative, as juveniles grew poorly on low-quality food, there was a positive evolutionary contribution, juvenile growth rate evolv-
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ing a higher value under the more eutrophic conditions. The evolutionary contribution was one third in magnitude of the ecological contribution, and thus the former offset a third of the effect of deteriorating food quality on adult body mass. This example highlights the possibly common situation where there is a rapid evolutionary change that is nonetheless difficult to discern because the evolutionary change is countered by the effect of the environmental change.



Reciprocal eco-evolutionary dynamics Reciprocal influences between ecological and evolutionary changes are more challenging to demonstrate than unidirectional changes, but examples are starting to accumulate. I review some here and more in the subsequent sections on spatial ecoevolutionary dynamics. Sinervo et al.47 have described an example of reciprocal eco-evolutionary dynamics that fits the scenario originally envisioned by Chitty20 in the context of vole cycles. The side-blotched lizard (Uta stansburiana) exhibits regular 2-year population cycles and has two color morphs of females. One female type is favored at low density due to large clutch size and high rate of reproduction, which leads to overshooting of the carrying capacity and a population crash. Meanwhile, females of the alternative morph produce fewer but larger offspring, and these females are favored at high density. The demographic and evolutionary dynamics become coupled, and selection continues to oscillate between the two alternative life-history syndromes associated with the female color morphs.47 Another well-studied example of reciprocal eco-evolutionary dynamics involves the interaction between the rotifer Brachionus calyciflorus and its prey, obligately asexual green algae Chlorella vulgaris.48,49 When only one clone of the prey is present, the interaction with the rotifer produces typical predator–prey cycles (Fig. 2A–D). These dynamics are, however, significantly modified by the presence of two algal clones, with a trade-off between competitive ability and defense capacity against the rotifer (Fig. 2E–I). This study is especially noteworthy in combining experimental work with mathematical modeling. A common feature of the above two examples is clonal inheritance of the trait of interest. In the side-blotched lizard, the female color morph has high heritability between dams and daughters,47 and
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Figure 2. Experimental results showing population cycles in rotifer–algae systems. Filled and open circles give the predator and prey population sizes, respectively. In panels A–D, the algal population consists of a single clone and the dynamics are short-period predator–prey dynamics with the classical phase relations. In panels E–I, the algal populations consist of two clones, and the cycles have long periods with prey and predator oscillations nearly out of phase; such dynamics are not predicted by ecological predator–prey models.48



because the male genotype does not appear to make a difference, the population behaves as if it consisted of two clones. Such clonal systems have dynamics that are analogous to the dynamics of multispecies systems. For example, Hanski and Henttonen50 have analyzed a model of two competing rodent species with a shared mustelid predator, which is comparable to the system studied by Ref. 48, in that one of the rodent species is competitively inferior but less vulnerable to predation. Naturally, however, reciprocal eco-evolutionary dynamics are not restricted to traits with clonal inheritance. The study by Zheng et al.51 on the Glanville fritillary butterfly (Melitaea cinxia) exemplifies a sexually reproducing species in which the dynamics of a genetically determined trait (dispersal rate) are closely associated with de-
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mographic population dynamics. I shall return to this example later. Circumstances under which eco-evolutionary dynamics are likely to make a difference The first point to make is that if selection is weak, the ecological and evolutionary dynamics are likely to be only weakly coupled or not coupled at all. Thus the emerging interest in eco-evolutionary dynamics is based on two other emerging viewpoints in population biology, namely that the rate of evolution is often fast in comparison with the rate of ecological dynamics, which implies strong selection, often on a single gene with a strong effect. Fast rates of evolution appear to be common,40 though episodes of
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rapid evolution due to strong selection are likely to be short-lasting and associated with environmental changes. The iconic example is rapid microevolutionary changes in Darwin’s finches in response to drought.52,53 It has been suggested that positive feedbacks during transient periods following an environmental change54 are especially significant for evolutionary changes, and such situations may often involve the coupling between demographic and evolutionary dynamics. Recent studies have contributed to an expanding list of examples of strong single gene effects on life-history traits and fitness in natural populations;55–59 such genes are all good candidates for eco-evolutionary dynamics. Perhaps the best example involves the gene phosphoglucose isomerase (Pgi), which encodes for a glycolytic enzyme but may have other functions as well. Classic studies (see Refs. 60–62) established strong links between allozyme phenotypes and individual performance and fitness components in Colias butterflies. More recently, similar results have been obtained for the Glanville fritillary,63–65 other butterflies,66,67 beetles,68,69 and other insects.70 I return below to Pgi in the Glanville fritillary. Based on the observation that environmental changes may often lead to eco-evolutionary dynamics, we might expect such dynamics to be especially prevalent in situations that are characterized by permanent changes. An example is metapopulation dynamics in heterogeneous environments with frequent local extinctions and establishment of new populations by dispersing individuals. Indeed, fast evolutionary changes have been commonly observed in colonizing species and in metapopulations in heterogeneous environments (reviewed by Ref. 71). Colonizations are likely to select for life-history traits that are not selected for in established populations,72–74 which generates spatial variation in the direction and strength of natural selection among populations with dissimilar demographic histories. In addition, whenever there is spatial variation in habitat type, populations may become locally adapted, in which case gene flow and founder events often involve individuals that are poorly adapted to the environmental conditions that they encounter following dispersal, with likely consequences for both the demographic and evolutionary dynamics of populations. The spatial scale and the amount of dispersal and gene flow
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will influence local adaptation, but it is also possible that the degree of local adaptation influences local demographic dynamics; hence dispersal may generate reciprocal eco-evolutionary dynamics. In metapopulations with spatio-temporal variation in selection pressures, eco-evolutionary dynamics may not lead to directional evolutionary changes, unless there is a systematic environmental change, but ecoevolutionary dynamics may contribute to the maintenance of genetic variation. I shall return below to eco-evolutionary dynamics in metapopulations in heterogeneous environments. Seasonality represents another major example of constantly changing environmental conditions, which may lead to eco-evolutionary dynamics in species with multiple generations per year. Yearto-year variation in environmental conditions may lead to reciprocal changes on selection on dormancy in seeds75,76 and diapause in insects77,78 and their population dynamics. Such interactions have remained little studied. Another broad class of situations where the biotic environmental conditions are continuously changing involves spatio-temporal dynamics in interacting species. For instance, Vasseur et al.79 have analyzed a model of interspecific competition in which the target and direction of selection on focal individuals depends on whether they are surrounded mostly by conspecific or heterospecific individuals. For a range of parameter values, such “neighbor-dependent selection” allows coexistence because it causes competitive dominance to shift depending on the relative abundances of species within areas of interaction. Empirical studies on Brassica nigra present a plausible example, with a trade-off between rapid growth, selected when the focal individual is surrounded by conspecifics, and the production of toxic root exudates, which harm heterospecific competitors and are selected for when the focal individual is mostly surrounded by heterospecifics.80 Interactions between prey populations and their specialist predators may lead to fluctuating population sizes and fluctuating selection, as originally envisioned by Chitty20 and exemplified by, for example, epidemic dynamics in Daphnia dentifera and its parasite Metschnikowia bicuspidate.81 Dynamics in marginal habitats Most species inhabit environments where there is much spatial variation in habitat type and
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quality. Species and populations have evolved particular ecological requirements, summed up as their niche. But why do species have the niche they have, why do not they constantly expand their niche by becoming better adapted in what used to be lowquality marginal habitats82 or even sink habitats,83 in which the intrinsic rate of increase is negative and the population may persist only if there is sufficient immigration from other populations? Similarly, one may ask about the conditions that would allow species to expand their geographical ranges beyond the current range boundaries.84 These questions have been addressed by an extensive literature in theoretical population biology (for reviews, see Refs. 85–87), which is highly relevant in the present context because the models typically assume close coupling between ecological and evolutionary dynamics. The dual key process in adaptation in marginal habitats is dispersal and gene flow, which link populations both demographically and genetically. These links are typically asymmetrical, as there is generally more dispersal and gene flow from well-adapted large populations in the core habitats to marginal populations than vice versa. The asymmetry tends to preserve the status quo of the system, making it more difficult for populations in marginal habitats to improve their performance by becoming locally better adapted. A convincing example is presented by studies on the blue tit (Parus caeruleus) is southern France, where the species occurs in a patchwork of deciduous and sclerophyllous woodland habitats.88 Populations in the latter are sinks largely because their breeding phenology is poorly synchronized with local availability of caterpillars. The peak availability of caterpillars occurs about a month earlier in the deciduous woodland, where the populations are well synchronized, whereas in the sclerophyllous habitat, local adaptation is apparently swamped by gene flow from the deciduous habitat.88 This example is particularly convincing because on the island of Corsica, where the sclerophyllous habitat dominates, the source–sink relationship is reversed.88 Interestingly, alternative stable source–sink configurations may occur even in the same environment. This is demonstrated by a model of two populations connected by dispersal and gene flow and inhabiting two habitat patches of different type.89 Assuming that, initially, the popu-
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lation in habitat patch A is well adapted and large but the population in patch B is small, gene flow from A may swamp local adaptation in B, and hence we have a stable source–sink system. However, if the initial condition is reversed, population in B being initially well adapted and large, the system may settle into the alternative source–sink structure. For a range of parameter values, even a third stable configuration exists, in which the species is a generalist, equally adapted to both habitat types, though not as well adapted as a specialist would be in the source habitat.89 Such complexity is the result of coupling between the demographic and evolutionary dynamics. Boughton90 describes a plausible example of a butterfly source–sink system with alternative stable states in the same environment. Asymmetric gene flow from central populations within a species’ range may prevent adaptation in marginal populations and thereby prevent range expansion.18,84 Bridle et al.91 present a putative example on Drosophila, comparing adaptation along a steep versus a shallow elevational gradient. There was no cline in the relevant trait on a steep gradient, suggesting gene flow swamping adaptation. Generally, however, there is no strong empirical evidence for range expansion being limited by asymmetric dispersal,87 and there are many alternative genetic92 and ecological hypotheses93 to explain why species’ ranges are often restricted without obvious barriers to dispersal. Gene flow may hinder local adaptation, but gene flow may also facilitate local adaptation by increasing the amount of additive genetic variation, which may otherwise limit evolutionary change in marginal populations.94 For example, populations of the rainforest-inhabiting Drosophila birchii have failed to respond to selection for increased desiccation resistance, and lack of such evolution may prevent the species expanding outside rainforests.95,96 On the other hand, there are alternative explanations why species may fail to respond to selection, such as complex patterns of pleiotropy and epistasis,86,97 and it is still an open question how generally marginal populations have particularly low genetic variation.98,99 In any case, interactions between dispersal and gene flow, local adaptation and population dynamics constitute a very complex process,86 which implies that one could expect a multitude of outcomes in natural populations.
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Eco-evolutionary metapopulation dynamics A common feature of the models discussed in the previous section is the presence of stable populations that are well adapted to their environment and which send out migrants to less well-adapted and less stable populations, whether they are populations at the range margin or sink populations inhabiting a low-quality habitat type within the range of the species. I shall now turn to metapopulations in which all local populations have a significant risk of extinction either due to ecological factors, such as small population size, or due to maladaptation. Hanski et al.100 have constructed a model for a heterogeneous network of n habitat patches of two or several different habitat types, in which the state of the metapopulation at time t is described with two vectors, one giving the probabilities of occupancy of the n patches and the other one giving the corresponding mean phenotypes conditional on the patch being occupied. When a new population is established, the mean phenotype is determined by the average phenotype of the colonizing individuals. Subsequently, local selection tends to move the mean phenotype towards the local optimal mean phenotype, which depends on habitat type, but changes in mean phenotype are also influenced by gene flow from the surrounding populations. Combining this model of local adaptation with a stochastic patch occupancy metapopulation model leads to a model with several eco-evolutionary feedbacks.100 For example, the risk of local extinction may depend on the degree of local adaptation, and successful establishment of new populations may depend on the match between the phenotype of the immigrants and the local environmental conditions.100 Figure 3 illustrates the model-predicted spatial pattern of adaptation in a network of patches representing two different types. There are four basic patterns depending on the strength of selection, amount of genetic variance, spatial scale of dispersal, and the degree of habitat heterogeneity, though for many parameter combinations the actual pattern is intermediate between the basic patterns. The first two patterns involve populations that become locally adapted (pattern 1 in Fig. 3) or become adapted at the network level (pattern 2), respectively; in the latter case, all local populations, regardless of habitat type, have an intermediate mean phenotype as
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the long-term equilibrium. Alternatively, all populations across the network may become well adapted to one habitat type only (pattern 3), with the cost of being poorly adapted to the alternative habitat type (habitat specialization). To distinguish this pattern from network adaptation (pattern 2), in an empirical study one would need to know the optimal phenotypes in the different patches. Finally, when the spatial range of dispersal is short, the species may become specialized in different habitat types in different parts of a large network (mosaic specialization; pattern 4). For parameter combinations that yield habitat specialization (pattern 3), the model predicts alternative stable states if the two habitat types are roughly equally common. The model can be used to explore the consequences of eco-evolutionary dynamics on the ecological viability of metapopulations. At the general level, it can be shown that eco-evolutionary dynamics may both increase and decrease metapopulation size in comparison with demographic dynamics without evolution (Fig. 4). The initial reduction in metapopulation size in Figure 4 with ecoevolutionary dynamics, in comparison with pure ecological dynamics, is due to a shift from networklevel adaptation to habitat specialization with increasing fragmentation of habitat and hence with decreasing gene flow between populations (for a comparable result in a two-patch model, see Ref. 89). With further habitat loss and fragmentation, the realized spatial range of dispersal and gene flow become increasingly restricted, and the pattern shifts towards mosaic adaptation. Generally, such shifts in the pattern of adaptation are likely to affect to the commonness of species. For example, the brown argus butterfly (Aricia agestis) has been spreading northwards in central England in the past decades apparently due to climate warming.101 The species used to be restricted to warm habitats with the host plant Helianthemum chamaecistus. With warming climate in the past 30 years, previously cooler sites have become more suitable for the butterfly. These sites tend to have alternative host plants, Geranium and Erodium species, which are used in southern England but were previously not used in central England. Increasing thermal suitability of the cooler sites and the consequent improved demographic performance of the respective local populations have most likely contributed to the observed range expansion in central
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Figure 3. The four basic patterns of network-level adaptation predicted by the eco-evolutionary metapopulation model, which combines a model of local adaptation with an ecological patch occupancy metapopulation model.100 In each panel, the network is the same, including 100 patches of two different types (black and green). The background color indicates the mean phenotype in the habitat patches across the network, with the exception of panel 1 (local adaptation), in which case the mean phenotype is close to the optimal phenotype, corresponding to the habitat type of each patch. The parameters are ␥, strength of selection; 2 , amount of additive genetic variance; T, expected life-time of local populations; ␦, the difference in the optimal phenotypes in different kinds of patches; 1/␣, the spatial range of dispersal and gene flow. The panels indicate the necessary conditions for the different patterns of adaptation in terms of the parameter values. The four patterns are further discussed in the text.



England.101 However, there is also evidence for a concurrent evolutionary change in host plant preference.101 The eco-evolutionary metapopulation model discussed above predicts that such a shift from a habitat and host plant specialist (pattern 3 in Fig. 3) to a network-level generalist (pattern 2) leads to a much greater increase in metapopulation size than ecological dynamics alone (see Fig. 6 in Ref. 63). Range expansion itself, whether owing to climate change or other causes, may select for increased dispersal rate and thereby accelerate range expansion further. This has been demonstrated with models102–104 and there are also good empirical examples. Thus, Thomas et al.101 showed that in two species of wing dimorphic bush crickets in Eng-
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land, the frequency of the long-winged morph was much higher at the expanding range margin than in more central populations (see also Ref. 105). In two butterfly species in the UK, the speckled wood butterfly (Pararge aegeria)106,107 and the silver spotted skipper butterfly (Hesperia comma),108 results on resource allocation to flight muscles in different populations suggested the same conclusion. In the cane toad (Bufo marinus) in Australia, selection at the expanding range margin appears to select for longer legs that allow faster rate of dispersal.109,110 Direct evidence for genetic differences between expanding and more central populations is still uncommon. One putative example is provided by the European map butterfly.111 In Finland, the species has expanded its range northwards several hundred
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Figure 4. Metapopulation response to increasing habitat fragmentation without (broken line) and with evolution of dispersal rate (continuous line). Habitat fragmentation increases to the right (modeled as increasing distances between a given set of habitat fragments). Eco-evolutionary dynamics make a difference because the network-level pattern of adaptation changes with habitat fragmentation as indicated in the figure and discussed in the text. Modified from Ref. 100.



kilometers in the past 30 years. Mitikka and Hanski111 found a higher frequency of the phosphoglucose isomerase allozyme phenotype that is associated with higher flight metabolic rate in populations near the range margin than in more central populations. The example on the map butterfly is consistent with more comprehensive results for the Glanville fritillary butterfly, in which a single nucleotide polymorphism in the phosphoglucose isomerase gene (Pgi_111) is strongly associated with flight metabolic rate112 and dispersal rate in the field,113 such that the AC heterozygotes in Pgi_111 fly roughly twice the distance than the AA homozygotes under commonly occurring low ambient temperatures (the CC homozygotes are rare 114 ). Hanski and Mononen116 applied the ecoevolutionary metapopulation model described in the beginning of this section to evolution of dispersal in the Glanville fritillary by defining the mean dispersal phenotype in a particular population as the frequency of the fast-dispersing AC heterozygotes. The model predicts spatially correlated variation in dispersal rate among local populations whenever the range of dispersal is short, as it is in the Glanville fritillary (average disper-
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sal distance around 1 km per generation115 ). The empirical data supported this prediction.116 At the qualitative level, the model predicts that the longterm frequency of fast-dispersing individuals in a particular habitat patch increases with increasing immigration rate and gene flow (because dispersal is biased towards fast-dispersing individuals), increasing extinction rate (because frequent local extinctions lead to frequent founder events), and the frequency of fast-dispersing individuals among the immigrants. All these factors were significantly related to the frequency of the AC heterozygotes in a set of 97 local populations and together explained 40% of spatial variation in the frequency of the AC heterozygotes among the populations.116 In addition, as expected, the frequency of the AC heterozygotes was higher in newly established than in old local populations. These results strongly suggest that the demographic metapopulation dynamics and the dynamics of Pgi allele frequency are strongly coupled in the Glanville fritillary (see Refs. 51 and 117 for complementary modeling studies). Spatial dynamics of strongly interacting species may often involve eco-evolutionary feedbacks. For instance, the interaction between the specialist mildew fungus Podospaera plantaginis and its host plant Plantago lanceolata involve local adaptation in virulence and resistance, leading to spatial eco-evolutionary dynamics,118 which may commonly characterize plant–pathogen119 and other ´ and host–parasite interactions120 in general. Gomez Buckling121 have reported intriguing experimental studies on coevolutionary dynamics between bacteria and their phages in soil, with never-ending fluctuating selection due to combined spatial demographic and evolutionary dynamics. Thompson’s120 notion about geographic mosaic of coevolution, when applied to a small spatial scale, is essentially a conceptual model of eco-evolutionary dynamics.



Habitat loss and the evolution of dispersal Habitat loss and fragmentation alter the spatial structure and dynamics of populations, which influences the costs and benefits of dispersal and may therefore affect the evolution of dispersal. Whether habitat loss and fragmentation select for increased,51,107 decreased,122,123 or nonmonotonically changing117,124 rate of dispersal has been much debated.125,126 Given the multitude of factors affecting
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dispersal evolution,127,128 it is not surprising that the evolutionary consequences may be complex. The eco-evolutionary metapopulation model discussed earlier demonstrates that habitat loss and fragmentation may select for either decreased or increased rate of dispersal depending on parameter values.116 In this model, the long-term equilibrium rate of dispersal in a particular habitat patch depends on the sum of the immigration rate (and gene flow) and extinction rate (and founder effects), and as habitat loss and fragmentation may have opposing effects on these rates, the overall effect depends on quantitative details. For instance, decreasing the areas of habitat patches generally increases extinction rates (because smaller populations typically have a higher risk of extinction than large ones) but decreases immigration rates (because smaller populations typically produce fewer dispersers than large ones). Empirical studies on the Glanville fritillary and the bog fritillary (Proclossiana eunomia) exhibit strikingly different responses to decreasing amount of habitat and increasing fragmentation at the landscape level: in the former, dispersal rate is highest in the most fragmented landscapes, whereas in the bog fritillary, the pattern is just the opposite (see Fig. 3 in Ref. 63). Such contrasting responses appear difficult to explain by for example, the effect of kin competition on dispersal, which has been suggested to be a key process in dispersal evolution in metapopulations.129 Rather, the explanation may be in the stability of local populations, which is very different in the two species. Small local populations of the Glanville fritillary have a high rate of population extinction (see Fig. 2 in Ref. 63), whereas small populations of the bog fritillary are surprisingly stable.130 The eco-evolutionary metapopulation model predicts that if local extinctions are uncommon, the dominant effect of habitat loss and fragmentation is reduced immigration rate, which selects for reduced dispersal rate. In contrast, if local extinctions are common, the subsequent founder effects select for increased dispersal, because colonizers are more dispersive than the average individual in the metapopulation, and hence habitat loss and fragmentation increase dispersal rate. The question that remains is why these two fritillary species should have such a big difference in the stability of their local populations? Hanski63 suggests that the reason is dissimilar egg-laying behavior. The Glanville fritillary lays a small number of large clutches of 150–200 eggs,
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whereas the bog fritillary lays many small groups of two to four eggs, thereby spreading the risk of mortality among its offspring. This example highlights the potential for critical links between life-history traits, population dynamics, and the evolutionary response of species to changing environmental conditions. Evolutionary changes may be common, but evolutionary rescue is rare In the past several decades, human impacts on Earth in the form of land-use changes, climate change, and spread of invasive species represent truly momentous environmental changes. The ecological responses include the decline of populations, many towards imminent extinction,131,132 although a smaller number of generalist “weedy” species have benefitted from these environmental changes. At the same time, these environmental changes have changed the strength or even the direction of natural selection and caused microevolutionary changes in populations,133–136 though the extent of evolutionary changes as opposed to plastic phenotypic responses continues to be debated.137 The question asked in the context of eco-evolutionary dynamics is to what extent, and how, the ecological and evolutionary responses might interact. The study of the ecological and evolutionary responses of the water flea Daphnia galeata to eutrophication,45 discussed in this paper, highlights a point that is likely to be of general importance. Populations may respond to adverse environmental changes via genetic adaptation, but by definition the direct ecological effect is negative, and therefore the evolutionary response should be strong to entirely compensate for the ecological effect. It is more likely that the evolutionary response will only partly compensate for the negative ecological effect. In the Daphnia example, the evolutionary contribution was one third of the ecological contribution to change in adult body mass, and hence eutrophication had an overall adverse effect. Furthermore, there is no guarantee that the evolutionary change will always increase population viability. The example in Figure 4 shows that evolutionary change may both increase and decrease metapopulation size, and a number of theoretical studies have suggested that evolution may even lead to extinction.138,139 Figure 5 shows an example of metapopulation viability in response to habitat loss and fragmentation.
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Figure 5. This figure shows the effect of dispersal evolution on metapopulation viability in a changing environment. (A) Habitat is lost during the time interval from 100 to 500 by reducing the carrying capacity of each habitat patch from 5 to 1. (B) Change in metapopulation size (average incidence of patch occupancy) without evolution of dispersal rate. (C) Changes in migration propensity (emigration rate) during and after the period of habitat loss in the model when evolutionary changes are allowed, and (D) the predicted change in metapopulation size with evolution of dispersal rate.117



This is a modeling example, but an informative one, as the model was parameterized with a large amount of empirical data for the Glanville fritillary.117 The example was constructed by assuming a period of habitat loss after which there was no further loss (Fig. 5A). Parameter values were selected in such a manner that without any evolutionary changes in dispersal rate, the initially viable metapopulation went extinct soon after the period of habitat loss (Fig. 5B). In contrast, if dispersal rate was allowed to evolve in response to habitat loss and fragmentation (Fig. 5C), the metapopulation did not go extinct (Fig. 5D). However, just as in the example on Daphnia, the direct negative ecological effect of habitat loss and fragmentation dominates: the metapopulation with evolving dispersal rate survived but at a much lower level of habitat occupancy than before habitat loss. Bell and Gonzalez140 have described an example of what appears to be a genuine evolutionary



rescue. They studied populations of baker’s yeast on 96-well plates with a gradient of environmental suitability in the form of salt concentration in the growth medium. In the experiment, they imposed a gradually deteriorating environment by increasing the amount of salt along the gradient and applied either no dispersal, local dispersal, or global dispersal in different replicates. During the experiment, new mutations appeared that facilitated the growth in higher salt concentrations, and the extent of adaptation depended on the history of environmental change during the experiment and on the scale of dispersal among local populations. In this case, evolution truly produced an evolutionary rescue, because specific new mutations allowed efficient use of the growth medium with a higher concentration of salt. Unfortunately, the situation is likely to be more complex in more complex organisms living in more complex environments, where no single mutation can compensate for the
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consequences of environmental deterioration but instead may only partly offset them, and even that only in the best case. Rapid evolutionary changes and eco-evolutionary feedbacks may be common in natural populations, but we cannot assume that evolution will generally rescue populations that are on decline due to anthropogenic deterioration of their environment. What next? The shift in the perception, over the past decades, of how commonly fast microevolutionary changes occur in natural populations has profoundly affected ecology and evolutionary biology. With the recognition of increasingly rapid global environmental changes, which must change the strength and often even the direction of natural selection in countless populations and environments, a new paradigm is emerging. Fast evolutionary changes and local adaptation are not confined to the few iconic examples, such as Darwin’s finches53,141 and heavy metal tolerance in plants growing on mine tailings;142,143 similar microevolutinary dynamics may characterize many other species in a large array of environments. The challenge is to ask appropriate questions and to employ fitting study approaches. To take a very personal example, I would have been surprised 20 years ago, when I started to work on the Glanville fritillary butterfly, that this study system would provide strong empirical evidence, supported by modeling,116,144 of reciprocal eco-evolutionary dynamics.63 I suspect that many ecologists will become similarly surprised in the coming years, and that population geneticists and evolutionary biologists are likely to pay increasing attention to the ecological and environmental context of their study systems. A particular challenge is to develop research programs that take advantage of the very extensive genetic data that will soon become widely available for natural populations of nonmodel species due to rapidly advancing sequencing technologies.145–147 Microevolutionary changes may be rampant especially in changing environments, but at the same time one should not rush to the conclusion that all phenotypic changes are due to evolution. The alternative hypothesis is phenotypic plasticity, which may plausibly explain, for example, temporal changes in body size134,148 and various other responses to climate change.137 Realistically, one
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should expect that plastic phenotypic changes and genetic microevolutionary changes are often mixed in natural populations, leading to new questions about adaptive evolution.149,150 It should also be noted that even if phenotypic changes would be solely due to plastic responses without any genetic changes, plastic phenotypic changes may significantly interact with ecological dynamics—and generate new questions to study. More empirical research is needed to charter the extent of eco-evolutionary dynamics, and analogous dynamics based on phenotypic plasticity, in natural populations living under various environmental settings. Exploring the significance of eco-evolutionary dynamics in interspecific interactions and multispecies communities is an especially important challenge that goes beyond the predator–prey and competitive interactions that are familiar from classic ecological studies. Take, for instance, the interactions between insects and their diverse assemblage of primary and secondary endosymbionts151 —what is the significance of eco-evolutionary dynamics in these systems? As an example, Leonardo and Mondor152 demonstrate that the facultative bacterial endosymbiont Regiella insecticola alters both dispersal and mating in the pea aphid Acyrthosiphon pisum. Leonardo and Mondor152 were interested in the possibility that symbiont-associated changes in dispersal and mating may play a role in the initiation of genetic differentiation and ultimately in speciation, but perhaps an even more likely outcome is coupled evolutionary and ecological dynamics involving both partners in the interaction. I conclude by highlighting the potential of ecoevolutionary dynamics in addressing one of the major questions in ecology and evolutionary dynamics, namely the maintenance of diversity at molecular, population, and community levels. Of the case studies discussed in this review, the close coupling between the allele frequency dynamics in the gene Pgi and the extinction–colonization dynamics in the Glanville fritillary points to the role of eco-evolutionary dynamics in maintaining genetic and life-history variation in metapopulations.63 Similarly, modeling of interspecific competition79 and the related empirical work on plants80,153 suggests a role for eco-evolutionary dynamics in facilitating the coexistence of competitors. Genetic variation is a prerequisite for eco-evolutionary dynamics,49 but if such dynamics generally facilitate
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the maintenance of genetic diversity, there are interesting questions to be asked about the conditions and extent of such diversity-enhancing processes. Acknowledgments I thank two anonymous reviewers for comments and the European Research Council (Advance grant no 232826) and the Academy of Finland (Finnish CoE Programme 2006–2011) for support. Conflicts of interest The author declares no conflicts of interest. References 1. Caughley, G. 1994. Directions in conservation biology. J. Anim. Ecol. 63: 215–244. 2. Begon, M., J.L. Harper & C.R. Townsend. 1996. Ecology. Blackwell. Oxford. 3. Hanski, I. 1990. Density dependence, regulation and variability in animal populations. Phil. Trans. R. Soc. Lond. B Biol. Sci. 330: 141–150. 4. Turchin, P. 1995. Population regulation: old arguments and a new synthesis. In Population Dynamics: New Approaches and Synthesis. N. Cappuccino & P. Price, Eds.: 19–40. Academic Press. London. 5. Sinclair, A.R.E. 1989. Population regulation in animals. In Ecological Concepts. J.M. Cherrett, Ed.: 197–242. Blackwell. Oxford. 6. Dempster, J.P. 1983. The natural control of populations of butterflies and moths. Biol. Rev. 58: 461–481. 7. Hassell, M.P., J. Latto & R.M. May. 1989. Seeing the wood for the trees: detecting density dependence from existing life-table studies. J. Anim. Ecol. 58: 883–892. 8. May, R.M. 1973. Stability and Complexity in Model Ecosystems. Princeton University Press. Princeton. 9. Andrewartha, H.G. & L.C. Birch. 1954. The Distribution and Abundance of Animals. The University of Chicago Press. Chicago. 10. Kareiva, P. 1994. Space – the final frontier for ecological theory. Ecology 75: 1. 11. Tilman, D. & P. Kareiva. 1997. Spatial Ecology. Princeton University Press. Princeton. 12. Sutherland, W.J. 1996. From Individual Behaviour to Population Ecology. Oxford University Press. Oxford. 13. Lomnicki, A. 1988. Population Ecology of Individuals. Princeton University Press. Princeton. 14. Coffin, J.M. 1995. HIV population dynamics in vivo – implications for genetic variation, pathogenesis, and therapy. Science 267: 483–489. 15. Ottersen, G., B. Planque, A. Belgrano, et al. 2001. Ecological effects of the North Atlantic Oscillation. Oecologia 128: 1– 14. 16. Slobodkin, L.B. 1961. Growth and Regulation of Animal Populations. Holt, Rinehart and Winston. New York. 17. Pelletier, F., D. Garant & A.P. Hendry. 2009. Ecoevolutionary dynamics: introduction. Phil. Trans. R. Soc. B Biol. Sci. 364: 1483–1489.



Eco-evolutionary dynamics in a changing world



18. Kirkpatrick, M. & N.H. Barton. 1997. Evolution of a species’ range. Am. Nat. 150: 1–23. 19. Haldane, J.B.S. 1956. The relation between density regulation and natural selection. Proc. R. Soc. B. 145: 306– 308. 20. Chitty, D. 1960. Population processes in the vole and their relevance to general theory. Can. J. Zool. 38: 99–113. 21. Chitty, D. 1967. The natural selection of self-regulatory behaviour in animal populations. Proc. Ecol. Soc. Austral. 2: 51–78. 22. Krebs, C.J. 1978. A review of the Chitty hypothesis of population regulation. Can. J. Zool. 56: 2463–2480. 23. Christian, J.J. 1978. Neurobehavioral endocrine regulation of small mammal populations. In Populations of Small Mammals under Natural Conditions. D.P. Snyder, Ed.: 143– 158, Vol. 5. Special Publ., Pymatuning Lab. Ecology, Pittsburgh. 24. Christian, J.J. 1950. The adreno-pituitary system and population cycles in mammals. J. Mammal. 31: 247– 259. 25. Hanski, I. & H. Henttonen. 2002. Population cycles of small rodents in Fennoscandia. In Population Cycles: Evidence for Trophic Interactions. A. Berryman, Ed.: 44–68. Oxford University Press. New York. 26. Stenseth, N.C. 1999. Population cycles in voles and lemmings: density dependence and phase dependence in a stochastic world. Oikos 87: 427–461. 27. Boonstra, R. & P.T. Boag. 1987. A test of the Chitty hypothesis: inheritance of life-history traits in meadow voles Microtus pennsylvanicus. Evolution 41: 929–947. 28. Turchin, P. & I. Hanski. 2001. Contrasting alternative hypotheses about rodent cycles by translating them into parameterized models. Ecol. Lett. 4: 267–276. 29. Post, D.M. & E.P. Palkovacs. 2009. Eco-evolutionary feedbacks in community and ecosystem ecology: interactions between the ecological theatre and the evolutionary play. Phil. Trans. R. Soc. B Biol. Sci. 364: 1629–1640. 30. Carroll, S.P., A.P. Hendry, D.N. Reznick & C.W. Fox. 2007. Evolution on ecological time-scales. Funct. Ecol. 21: 387– 393. 31. Kinnison, M.T. & N.G. Hairston. 2007. Eco-evolutionary conservation biology: contemporary evolution and the dynamics of persistence. Funct. Ecol. 21: 444–454. 32. Saccheri, I. & I. Hanski. 2006. Natural selection and population dynamics. Trends Ecol. Evol. 21: 341–347. 33. Schoener, T.W. 2011. The newest synthesis: understanding the interplay of evolutionary and ecological dynamics. Science 331: 426–429. 34. Bailey, J.K., J.A. Schweitzer, F. Ubeda, et al. 2009. From genes to ecosystems: a synthesis of the effects of plant genetic factors across levels of organization. Phil. Trans. R. Soc. B Biol. Sci. 364: 1607–1616. 35. Palkovacs, E.P., M.C. Marshall, B.A. Lamphere, et al. 2009. Experimental evaluation of evolution and coevolution as agents of ecosystem change in Trinidadian streams. Phil. Trans. R. Soc. B Biol. Sci. 364: 1617–1628. 36. Whitlock, M.C. 2004. Selection and drift in metapopulations. In Ecology, Genetics, and Evolution of Metapopulations. I. Hanski & O. Gaggiotti, Eds.: 153–173. Elsevier Academic Press. Amsterdam.



c 2012 New York Academy of Sciences. Ann. N.Y. Acad. Sci. 1249 (2012) 1–17 



13



Eco-evolutionary dynamics in a changing world



Hanski



37. Lion, S., V.A.A. Jansen & T. Day. 2011. Evolution in structured populations: beyond the kin versus group debate. Trends Ecol. Evol. 26: 193–201. 38. Tarnita, C.E., T. Antal, H. Ohtsuki & M.A. Nowak. 2009. Evolutionary dynamics in set structured populations. Proc. Natl. Acad. Sci. USA 106: 8601–8604. 39. Thompson, J.N. 1998. Rapid evolution as an ecological process. Trends Ecol. Evol. 13: 329–332. 40. Hendry, A.P. & M.T. Kinnison. 1999. Perspective. The pace of modern life: measuring rates of contemporary microevolution. Evolution 53: 1637–1653. 41. Fussmann, G.F., M. Loreau & P.A. Abrams. 2007. Ecoevolutionary dynamics of communities and ecosystems. Funct. Ecol. 21: 465–477. 42. Hairston, N.G., S.P. Ellner, M.A. Geber, et al. 2005. Rapid evolution and the convergence of ecological and evolutionary time. Ecol. Lett. 8: 1114–1127. 43. Pelletier, F., T. Clutton-Brock, J. Pemberton, et al. 2007. The evolutionary demography of ecological change: linking trait variation and population growth. Science 315: 1571– 1574. 44. Ezard, T.H.G., S.D. Cote & F. Pelletier. 2009. Ecoevolutionary dynamics: disentangling phenotypic, environmental and population fluctuations. Phil. Trans. R. Soc. B Biol. Sci. 364: 1491–1498. 45. Ellner, S.P., M.A. Geber & N.G. Hairston. 2011. Does rapid evolution matter? Measuring the rate of contemporary evolution and its impacts on ecological dynamics. Ecol. Lett. 14: 603–614. 46. Hairston, N.G., C.L. Holtmeier, W. Lampert, et al. 2001. Natural selection for grazer resistance to toxic cyanobacteria: evolution of phenotypic plasticity? Evolution 55: 2203– 2214. 47. Sinervo, B., E. Svensson & T. Comendant. 2000. Density cycles and an offspring quantity and quality game driven by natural selection. Nature 406: 985–988. 48. Yoshida, T., L.E. Jones, S.P. Ellner, et al. 2003. Rapid evolution drives ecological dynamics in a predator-prey system. Nature 424: 303–306. 49. Becks, L., S.P. Ellner, L.E. Jones & N.G. Hairston. 2010. Reduction of adaptive genetic diversity radically alters ecoevolutionary community dynamics. Ecol. Lett. 13: 989–997. 50. Hanski, I. & H. Henttonen. 1996. Predation on competing rodent species: a simple explanation of complex patterns. J. Anim. Ecol. 65: 220–232. 51. Zheng, C., O. Ovaskainen & I. Hanski. 2009. Modelling single nucleotide effects in phosphoglucose isomerase on dispersal in the Glanville fritillary butterfly: coupling of ecological and evolutionary dynamics. Phil. Trans. R. Soc. B Biol. Sci. 364: 1519–1532. 52. Boag, P.T. & P.R. Grant. 1981. Intense natural selection in a population of Darwin finches (Geospizinae) in the Galapagos. Science 214: 82–85. 53. Grant, P.R. & B.R. Grant. 1995. Predicting microevolutionary responses to directional selection on heritable variation. Evolution 49: 241–251. 54. Crespi, B.J. 2004. Vicious circles: positive feedback in major evolutionary and ecological transitions. Trends Ecol. Evol. 19: 627–633.



14



55. Barrett, R.D.H., S.M. Rogers & D. Schluter. 2008. Natural selection on a major armor gene in threespine stickleback. Science 322: 255–257. 56. Storz, J.F., A.M. Runck, S.J. Sabatino, et al. 2009. Evolutionary and functional insights into the mechanism underlying high-altitude adaptation of deer mouse hemoglobin. Proc. Natl. Acad. Sci. USA 106: 14450–14455. 57. Storz, J.F. & C.W. Wheat. 2010. Integrating evolutionary and functional approaches to infer adaptation at specific loci. Evolution 64: 2489–2509. 58. Dalziel, A.C., S.M. Rogers & P.M. Schulte. 2009. Linking genotypes to phenotypes and fitness: how mechanistic biology can inform molecular ecology. Mol. Ecol. 18: 4997– 5017. 59. Hanski, I. & I. Saccheri. 2006. Molecular-level variation affects population growth in a butterfly metapopulation. PLoS Biol. 4: 719–726. 60. Watt, W.B. 1983. Adaptation at specific loci. 2. Demographic and biochemical-elements in the maintenance of the Colias Pgi polymorphism. Genetics 103: 691–724. 61. Watt, W.B. 2003. Mechanistic studies of butterfly adaptations. In Ecology and Evolution taking Flight: Butterflies as Model Systems. C.L. Boggs, W.B. Watt and P. R. Ehrlich, Eds.: 319–352. University of Chicago Press. Chicago. 62. Watt, W.B. 1977. Adaptation at specific loci. 1. Natural selection on phosphoglucose isomerase of Colias butterflies – biochemical and population aspects. Genetics 87: 177– 194. 63. Hanski, I. 2011. Eco-evolutionary spatial dynamics in the Glanville fritillary butterfly. Proc. Natl. Acad. Sci. USA 108: 14397–14404. 64. Saastamoinen, M. & I. Hanski. 2008. Genotypic and environmental effects on flight activity and oviposition in the Glanville fritillary butterfly. Am. Nat. 171: 701–712. 65. Klemme, I. & I. Hanski. 2009. Heritability of and strong single gene (Pgi) effects on life-history traits in the Glanville fritillary butterfly. J. Evol. Biol. 22: 1944–1953. 66. Karl, I., T. Schmitt & K. Fischer. 2008. Phosphoglucose isomerase genotype affects life-history traits and cold stress resistance in a Copper butterfly. Funct. Ecol. 22: 887–894. 67. Karl, I., K.H. Hoffmann & K. Fischer. 2010. Food stress sensitivity and flight performance across phosphoglucose isomerase enzyme genotypes in the sooty copper butterfly. Popul. Ecol. 52: 307–315. 68. Dahlhoff, E.P. & N.E. Rank. 2000. Functional and physiological consequences of genetic variation at phosphoglucose isomerase: heat shock protein expression is related to enzyme genotype in a montane beetle. Proc. Natl. Acad. Sci. USA 97: 10056–10061. 69. Rank, N.E. & E.P. Dahlhoff. 2002. Allele frequency shifts in response to climate change and physiological consequences of allozyme variation in a montane insect. Evolution 56: 2278–2289. 70. Wheat, C.W. 2010. Phosphoglucose isomerase (Pgi) performance and fitness effects among Arthropods and its potential role as an adaptive marker in conservation genetics. Conserv. Genet. 11: 387–397. 71. Reznick, D.N. & C.K. Ghalambor. 2001. The population ecology of contemporary adaptations: what empirical



c 2012 New York Academy of Sciences. Ann. N.Y. Acad. Sci. 1249 (2012) 1–17 



Hanski



72.



73.



74.



75.



76.



77.



78.



79.



80.



81. 82.



83. 84.



85.



86. 87. 88.



89.



90.



studies reveal about the conditions that promote adaptive evolution. Genetica 112–113: 183–198. Hanski, I., C. Er¨alahti, M. Kankare, et al. 2004. Variation in migration rate among individuals maintained by landscape structure. Ecol. Lett. 7: 958–966. Wheat, C.W., H.W. Fescemyer, J. Kvist, et al. 2011. Functional genomics of life history variation in a butterfly metapopulation. Mol. Ecol. 20: 1813–1828. Olivieri, I. & P.-H. Gouyon. 1997. Evolution of migration rate and other traits: the metapopulation effect. In Metapopulation Biology. I.A. Hanski & M.E. Gilpin, Eds.: 293–324. Academic Press. San Diego. Pake, C.E. & D.L. Venable. 1996. Seed banks in desert annuals: implications for persistence and coexistence in variable environments. Ecology 77: 1427–1435. Rees, M. 1996. Evolutionary ecology of seed dormancy and seed size. Phil. Trans. R. Soc. B Biol. Sci. 351: 1299– 1308. Hopper, K.R. 1999. Risk-spreading and bet-hedging in insect population biology. Ann. Rev. Entomol. 44: 535– 560. Hanski, I. 1988. Four kinds of extra long diapause in insects: a review of theory and observations. Ann. Zool. Fenn. 25: 37–53. Vasseur, D.A., P. Amarasekare, V.H.W. Rudolf & J.M. Levine. 2011. Eco-evolutionary dynamics enable coexistence via neighbor-dependent selection. Am. Nat. 178: E96– E109. Lankau, R.A. & S.Y. Strauss. 2007. Mutual feedbacks maintain both genetic and species diversity in a plant community. Science 317: 1561–1563. Duffy, M.A. & L. Sivars-Becker. 2007. Rapid evolution and ecological host-parasite dynamics. Ecol. Lett. 10: 44–53. Holt, R.D. & M.S. Gaines. 1992. Analysis of adaptation in heterogeneous landscapes: implications for the evolution of fundamental niches. Evol. Ecol. 6: 433–447. Pulliam, H.R. 1988. Sources, sinks, and population regulation. Am. Nat. 132: 652–661. Hoffmann, A.A. & M.W. Blows. 1994. Species borders – ecological and evolutionary perspectives. Trends Ecol. Evol. 9: 223–227. Kawecki, T.J. 2004. Ecological end evolutionary consequences of source-sink population dynamics. In Ecology, Genetics, and Evolution of Metapopulations. I. Hanski & O.E. Gaggiotti, Eds.: 387–414. Elsevier Academic Press. Amsterdam. Kawecki, T.J. 2008. Adaptation to marginal habitats. Ann. Rev. Ecol. Evol. Syst. 39: 321–342. Gaston, K.J. 2009. Geographic range limits of species. Proc. R. Soc. B Biol. Sci. 276: 1391–1393. Dias, P.C. & J. Blondel. 1996. Local specialization and maladaptation in Mediterranean blue tits Parus caeruleus. Oecologia 107: 79–86. Ronce, O. & M. Kirkpatrick. 2001. When sources become sinks: migrational meltdown in heterogeneous habitats. Evolution 55: 1520–1531. Boughton, D.A. 2000. The dispersal system of a butterfly: a test of source-sink theory suggests the intermediate-scale hypothesis. Am. Nat. 156: 131–144.



Eco-evolutionary dynamics in a changing world



91. Bridle, J.R., S. Gavaz & W.J. Kennington. 2009. Testing limits to adaptation along altitudinal gradients in rainforest Drosophila. Proc. R. Soc. B Biol. Sci. 276: 1507–1515. 92. van Heerwaarden, B., V. Kellermann, M. Schiffer, et al. 2009. Testing evolutionary hypotheses about species borders: patterns of genetic variation towards the southern borders of two rainforest Drosophila and a related habitat generalist. Proc. R. Soc. B Biol. Sci. 276: 1517–1526. 93. Gaston, K.J. 2003. The Structure and Dynamics of Geographical Ranges. Oxford University Press. Oxford. 94. Blows, M.W. & A.A. Hoffmann. 2005. A reassessment of genetic limits to evolutionary change. Ecology 86: 1371– 1384. 95. Hoffmann, A.A., R.J. Hallas, J.A. Dean & M. Schiffer. 2003. Low potential for climatic stress adaptation in a rainforest Drosophila species. Science 301: 100–102. 96. Kellermann, V.M., B. van Heerwaarden, A.A. Hoffmann & C.M. Sgro. 2006. Very low additive genetic variance and evolutionary potential in multiple populations of two rainforest Drosophila species. Evolution 60: 1104–1108. 97. Brakefield, P.M. 2006. Evo-devo and constraints on selection. Trends Ecol. Evol. 21: 362–368. 98. Garner, T.W.J., P.B. Pearman & S. Angelone. 2004. Genetic diversity across a vertebrate species’ range: a test of the central-peripheral hypothesis. Mol. Ecol. 13: 1047–1053. 99. Jacquemyn, H., K. Vandepitte, R. Brys, et al. 2007. Fitness variation and genetic diversity in small, remnant populations of the food deceptive orchid Orchis purpurea. Biol. Conserv. 139: 203–210. 100. Hanski, I., T. Mononen & O. Ovaskainen. 2011. Ecoevolutionary metapopulation dynamics and the spatial scale of adaptation. Am. Nat. 177: 29–43. 101. Thomas, C.D., E.J. Bodsworth, R.J. Wilson, et al. 2001. Ecological and evolutionary processes at expanding range margins. Nature 411: 577–581. 102. Travis, J.M.J., T. Munkemuller & O.J. Burton. 2010. Mutation surfing and the evolution of dispersal during range expansions. J. Evol. Biol. 23: 2656–2667. 103. Phillips, B.L., G.P. Brown & R. Shine. 2010. Life-history evolution in range-shifting populations. Ecology 91: 1617– 1627. 104. Travis, J.M.J. & C. Dytham. 2002. Dispersal evolution during invasions. Evol. Ecol. Res. 4: 1119–1129. 105. Simmons, A.D. & C.D. Thomas. 2004. Changes in dispersal during species’ range expansions. Am. Nat. 164: 378– 395. 106. Hughes, C.L., C. Dytham & J.K. Hill. 2007. Modelling and analysing evolution of dispersal in populations at expanding range boundaries. Ecol. Entomol. 32: 437–445. 107. Hill, J.K., C.D. Thomas & D.S. Blakeley. 1999. Evolution of flight morphology in a butterfly that has recently expanded its geographic range. Oecologia 121: 165–170. 108. Hill, J.K., C.D. Thomas & O.T. Lewis. 1999. Flight morphology in fragmented populations of a rare British butterfly, Hesperia comma. Biol. Conserv. 87: 277–283. 109. Phillips, B.L., G.P. Brown & R. Shine. 2010. Evolutionarily accelerated invasions: the rate of dispersal evolves upwards during the range advance of cane toads. J. Evol. Biol. 23: 2595–2601.



c 2012 New York Academy of Sciences. Ann. N.Y. Acad. Sci. 1249 (2012) 1–17 



15



Eco-evolutionary dynamics in a changing world



Hanski



110. Phillips, B.L., G.P. Brown, J.K. Webb & R. Shine. 2006. Invasion and the evolution of speed in toads. Nature 439: 803–803. 111. Mitikka, V. & I. Hanski. 2010. Pgi genotype influences flight metabolism at the expanding range margin of the European map butterfly. Ann. Zool. Fenn. 47: 1–14. 112. Niitep˜old, K. 2010. Genotype by temperature interactions in the metabolic rate of the Glanville fritillary butterfly. J. Exp. Biol. 213: 1042–1048. 113. Niitep˜old, K., A.D. Smith, J.L. Osborne, et al. 2009. Flight metabolic rate and Pgi genotype influence butterfly dispersal rate in the field. Ecology 90: 2223–2232. 114. Orsini, L., C.W. Wheat, C.R. Haag, et al. 2009. Fitness differences associated with Pgi SNP genotypes in the Glanville fritillary butterfly (Melitaea cinxia). J. Evol. Biol. 22: 367– 375. 115. Hanski, I. 1999. Metapopulation Ecology. Oxford University Press. New York. 116. Hanski, I. & T. Mononen. 2011. Eco-evolutionary dynamics of dispersal in spatially heterogeneous environments. Ecol. Lett. 19: 1025–1034. 117. Heino, M. & I. Hanski. 2001. Evolution of migration rate in a spatially realistic metapopulation model. Am. Nat. 157: 495–511. 118. Laine, A.L. 2005. Spatial scale of local adaptation in a plantpathogen metapopulation. J. Evol. Biol. 18: 930–938. 119. Burdon, J.J. & P.H. Thrall. 2009. Coevolution of plants and their pathogens in natural habitats. Science 324: 755–756. 120. Thompson, J.N. 2005. The Geographic Mosaic of Coevolution. University of Chicago Press. Chicago. 121. Gomez, P. & A. Buckling. 2011. Bacteria-phage antagonistic coevolution in soil. Science 332: 106–109. 122. Cody, M.L. & J. Overton. 1996. Short-term evolution of reduced dispersal in island plant populations. J. Ecol. 84: 53–61. 123. Schtickzelle, N., G. Mennechez & M. Baguette. 2006. Dispersal depression with habitat fragmentation in the bog fritillary butterfly. Ecology 87: 1057–1065. 124. Gandon, S. & Y. Michalakis. 1999. Evolutionary stable dispersal rate in a metapopulation with extinctions and kin competition. J. Theor. Biol. 199: 275–290. 125. Hanski, I. 2005. The Shrinking World: Ecological Consequences of Habitat Loss. International Ecology Institute. Oldendorf/Luhe. 126. Ronce, O. & I. Olivieri. 2004. Life history evolution in metapopulations. In Ecology, Genetics, and Evolution of Metapopulations. I. Hanski & O.E. Gaggiotti, Eds.: 227– 257. Elsevier Academic Press. Amsterdam. 127. Ronce, O. 2007. How does it feel to be like a rolling stone? Ten questions about dispersal evolution. Ann. Rev. Ecol. Evol. Syst. 38: 231–253. 128. Clobert, J., E. Danchin, A.A. Dhont & J.D. Nichols. 2001. Dispersal. Oxford University Press. Oxford. 129. Massol, F., A. Duputie, P. David & P. Jarne. 2011. Asymmetric patch size distribution leads to disruptive selection on dispersal. Evolution 65: 490–500. 130. Baguette, M. 2004. The classical metapopulation theory and the real, natural world: a critical appraisal. Basic Appl. Ecol. 5: 213–224.



16



131. Millenium Ecosystem Assessment. 2005. Retrieved January 17, 2012, from http://www.maweb.org/en/Index.aspx. 132. IUCN. 2011. Retrieved January 17, 2012, from http://www.iucnredlist.org/. 133. Berteaux, D., D. Reale, A.G. McAdam & S. Boutin. 2004. Keeping pace with fast climate change: can arctic life count on evolution? Integr. Comp. Biol. 44: 140–151. 134. Pulido, F. & P. Berthold. 2004. Microevolutionary response to climatic change. In Birds and Climate Change. A.P. Møller, W. Fielder & P. Berthold, Eds.: 151–183, Vol. 35, Adv. Ecol. Research. Elsevier. Amsterdam. 135. Davis, M.B., R.G. Shaw & J.R. Etterson. 2005. Evolutionary responses to changing climate. Ecology 86: 1704– 1714. 136. Hill, J.K., H.M. Griffiths & C.D. Thomas. 2011. Climate change and evolutionary adaptations at species’ range margins. Ann. Rev. Entomol. 56: 143–159. 137. Gienapp, P., C. Teplitsky, J.S. Alho, et al. 2008. Climate change and evolution: disentangling environmental and genetic responses. Mol. Ecol. 17: 167–178. 138. Poethke, H.J., C. Dytham & T. Hovestadt. 2011. A metapopulation paradox: partial improvement of habitat may reduce metapopulation persistence. Am. Nat. 177: 792– 799. 139. Parvinen, K. 2007. Evolutionary suicide in a discrete-time metapopulation model. Evol. Ecol. Res. 9: 619–633. 140. Bell, G. & A. Gonzalez. 2011. Adaptation and evolutionary rescue in metapopulations experiencing environmental deterioration. Science 332: 1327–1330. 141. Grant, B.R. 1999. Evology and Evolution of Darwin’s Finches [reprinting with new Afterword]. Princeton University Press. Princeton. 142. Wu, L., A.D. Bradshaw & D.A. Thurman. 1975. Potential for evolution of heavy metal tolerance in plants. 3. Rapid evolution of copper tolerance in Agrostis stolonifera. Heredity 34: 165. 143. Gregory, R.P.G. & A.D. Bradshaw. 1965. Heavy metal tolerance in populations of Agrostis tenuis Sibth and other grasses. New Phytol. 64: 131. 144. Zheng, C.Z., O. Ovaskainen & I. Hanski. 2009. Modelling single nucleotide effects in phosphoglucose isomerase on dispersal in the Glanville fritillary butterfly: coupling of ecological and evolutionary dynamics. Phil. Trans. R. Soc. B Biol. Sci. 364: 1519–1532. 145. Brautigam, A. & U. Gowik. 2010. What can next generation sequencing do for you? Next generation sequencing as a valuable tool in plant research. Plant Biol. 12: 831–841. 146. Ekblom, R. & J. Galindo. 2011. Applications of next generation sequencing in molecular ecology of non-model organisms. Heredity 107: 1–15. 147. Bellin, D., A. Ferrarini, A. Chimento, et al. 2009. Combining next-generation pyrosequencing with microarray for large scale expression analysis in non-model species. BMC Genomics. 10. 148. Ozgul, A., S. Tuljapurkar, T.G. Benton, et al. 2009. The dynamics of phenotypic change and the shrinking sheep of St. Kilda. Science 325: 464–467. 149. Ghalambor, C.K., J.K. McKay, S.P. Carroll & D.N. Reznick. 2007. Adaptive versus non-adaptive phenotypic plasticity



c 2012 New York Academy of Sciences. Ann. N.Y. Acad. Sci. 1249 (2012) 1–17 



Hanski



and the potential for contemporary adaptation in new environments. Funct. Ecol. 21: 394–407. 150. Chevin, L.M. & R. Lande. 2011. Adaptation to marginal habitats by evolution of increased phenotypic plasticity. J. Evol. Biol. 24: 1462–1476. 151. Feldhaar, H. 2011. Bacterial symbionts as mediators of ecologically important traits of insect hosts. Ecol. Entomol. 36: 533–543.



Eco-evolutionary dynamics in a changing world



152. Leonardo, T.E. & E.B. Mondor. 2006. Symbiont modifies host life-history traits that affect gene flow. Proc. R. Soc. B Biol. Sci. 273: 1079–1084. 153. Lankau, R.A., E. Wheeler, A.E. Bennett & S.Y. Strauss. 2011. Plant-soil feedbacks contribute to an intransitive competitive network that promotes both genetic and species diversity. J. Ecol. 99: 176– 185.



c 2012 New York Academy of Sciences. Ann. N.Y. Acad. Sci. 1249 (2012) 1–17 



17



























des documents recommandant







[image: alt]





Wildlife in a Changing World - IUCN Portals 

11. Number of endemic and threatened endemic species per country for completely ...... Birds are the class of organisms for which ... IUCN Red List can be used to guide .... download and print the materials contained ...... Named after the English ar










 


[image: alt]





Wildlife in a Changing World - IUCN Portals 

many of these questions. ... established history, it is the world's most .... and its conservation offers solutions .... Philippines, Darwin Initiative, First Philippine.










 


[image: alt]





Predictive ecology in a changing world - DR. Vincent Devictor 

In a rapidly changing world, ecology has the potential to move from empirical and con- ceptual stages ... anticipatory predictions (see section Explanatory Versus.










 


[image: alt]





Predictive ecology in a changing world - Nicolas Mouquet 

21 000. 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012. Fig. 1. ... upcoming century (Pereira et al. 2010) ..... ent answers to the same question (e.g. Courbois et al. ..... For instance, in marine ecosystems, accounting for fleet.










 


[image: alt]





Dispersal and range dynamics in changing climate - Jean-Francois Le 

... 22 (2): 415â€“427. Retrieved 2007-07-24. ... January average minimum -4Â°C isotherm, which is ... Lessons from the past: Quaternary range shifts are numerous ...










 


[image: alt]





Assessing rapid evolution in a changing environment 

There is increasing evidence of species ... locus is contingent upon the alleles present at a second locus. Population ... individual's phenotype that results from the aspects both being influenced by ... of species evolution into a unified approach 










 


[image: alt]





Output dynamics in RBC Models .fr 

Central question of the paper: Are RBC models consistent with the observed output dynamics? (Or: How often would an econometrician observe the same kind ...










 


[image: alt]





The dynamics of collapse in world fisheries - Anisn 

dynamics of past collapses and the detection of early warning ..... Biology 37 (Suppl. A), 5â€“16. ... De Roos, A.M. and Persson, L. (2002) Size-dependent life-.










 


[image: alt]





Multistable phenomena. Changing views in 

stimuli would make no impact on the visual system and thus generate no after- effects. Second, several ... do not involve specialized interocular inhibitory processes, but rather repre- ...... on computer screens or tachistoscopes. This form of ...










 


[image: alt]





Dendritic Signals Command Firing Dynamics in a 

Biophysical Journal Volume 99 July 2010 427â€“436. 427 .... To address the impact of dendritic signals on SS firing, we investigated the soma's ... dent electric signals involves two factors. The ratio of the ...... linear spine density. 21 Âµm-1 ...










 


[image: alt]





Fluid dynamics Engineer .fr 

theory and then validate them with a lifting surface method. We show good ... 2 research contracts with ONERA (15 kâ‚¬ & 60 kâ‚¬). â�‘. Computational Fluid ...










 


[image: alt]





Socio-semantic dynamics in a blog network 

CREA (CNRS/EP, France). AND. Camille Roth. CAMS (CNRS/EHESS, France). IEEE SOCIALCOM09, VANCOUVER,BCâ€“AUG 29â€“31, 2009 ...










 


[image: alt]





Future Safety Systems As a Challenge in an Changing ... - automotive 

System and Mobile Phone. Mobile Telephone. (cellular based). GPS Satellites. Data link (in the US). Emergency. Medical Service. Volvo On Call Center. Road.










 


[image: alt]





Diversity and Conservation of Epiphytes in a Changing ... - iupac 

Abstract: Epiphytes comprise about 10 % of the world's total vascular flora and in some humid tropical forests may be the most species-rich life form. Growing on ...










 


[image: alt]





A road map for integrating ecoevolutionary ... - Wilfried THUILLER 

ment relying on a strong theoretical foundation is essential to inspire new ... distribution modelling, derived from metapopulation theory, which accounts for ...










 


[image: alt]





Changing Work and Employment Relations in ... - Hussonet 

Dec 18, 2004 - However, disillusionment about the stability and the survival chances of the. â€œRhine modelâ€� .... Germany is on the way to become a bazaar economy selling on ...... Automotive_Studie_EuY.pdf, download 13.4.2005. Esser ...










 


[image: alt]





NUM in the World 

Nov 27, 1997 - Despite the care taken in the preparation of this document, NUM cannot guarantee the accuracy ... The physical, technical and functional characteristics of the hardware and software products ... NUM-GÃœTTINGER AG - Teufen.










 


[image: alt]





Changing Together . . . A Centre for Immigrant 

responsibilities under the Live-in Caregiver Program (see Bernardino and ...... going to school and then after that change them for ready for school, clothes.










 


[image: alt]





Human rights and a changing media landscape 

Dec 31, 2011 - and Ivo PukaniÄ‡ (Nacional) and his marketing director, Niko FranjiÄ‡, who were killed ..... fact-finding and discussion by and within the media. Unfortunately, ...... of the Charter: www.europarl.europa.eu/charter/pdf/04473_en.pdf.










 


[image: alt]





Human rights and a changing media landscape 

Dec 31, 2011 - The opinions expressed in this work are the responsibility of the authors and do not necessarily reflect the ... Chapter 1: Protection of journalists from violence....21 ..... to know. Many of them may start to exercise self-censorship










 


[image: alt]





Variability in Postural Coordination Dynamics 

motor control (pp. 317-357). Amsterdam: Human Kinetics Publishers. Riccio, G. E., & Stoffregen, T. A. (1988). Affordances as contraints on the control of stance.










 


[image: alt]





Mechanical Models in Economic Dynamics' 

"Secular and Cyclical Aspects of the Multiplier and the Accelerator ", Essays in Honor of Alvin. Hansen, pp. Iiz-iI8. Expressed in a slightly different form, it is also ...










 


[image: alt]





in a restaurant In a shop - Bruce DemaugÃ© .fr 

a battery an umbrella a cap a bottle of... ...water ...juice . . . two three four five six seven eight nine ten a salad a steak fish and chips some cheese an ice cream.










 


[image: alt]





The World Leader In Mini Spare Parts .fr 

7.5â€� Brake Discs. B. R. A. K. ES. 10. a. A car set of 8.4â€� Diameter vented brake discs and Kevlar pads. ...... LCB exhaust manifold C-AEG374 (16a) but includes link pipe no.17 for fitting when ...... Mini Spares engine mounting, easy-fit fixed nu










 














×
Report Ecoevolutionary dynamics in a changing world .fr





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



